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Abstract 

 The aim of this Ph.D project was to develop and fabricate membranes for separation 

techniques using engineering plastics that could play a key role in membrane based water 

treatment processes. The prime objective was to investigate the economic and technological 

solution so that the desalination properties including permeation flux could be improved.  The 

dissolution casting methodology was adopted for engineering plastic membranes via three 

(03) membrane systems which accounted the explicit application for desalination process. 

 System one (01) used the novel thin film poly (vinyl alcohol)/chitosan (PVA/CS) based 

reverse osmosis membranes infused with silane crosslinked tetraethylorthosilicate (TEOS), 

prepared by dissolution casting methodology. The performance characteristics and the scope 

of the reverse osmosis membranes were explicated by Fourier transform infrared 

spectroscopy (FTIR), thermogravimetric analyzer (TGA), differential scanning calorimetery 

(DSC), scanning electron microscopy (SEM), contact angle, X-ray diffraction (XRD) and 

reverse osmosis (RO) permeation tests which determined the functional groups and network 

of covalent crosslinks, thermal properties, morphology, hydrophilicity, structural 

investigation and RO properties, respectively. It was found that the membrane surface 

became smoother, more hydrophilic, with improved thermal stability, increased salt rejection 

and good permeation flux after the appropriate infusion of TEOS. The crosslinked 

membranes showed more hydrophilicity compared to the un-crosslinked PVCS membrane. 

The SEM micrographs of membranes revealed dense structure with no mottled surfaces. 

PVCS-4 showed an optimal flux of 1.84L/m
2
h and 80% salt rejection that confirmed the 

selective interaction of TEOS molecules with PVA/CS polymer backbone compared to the 

pristine (PVCS) membrane. The antibacterial properties of the membranes showed the 

inhibition of the growth of Escherichia coli successfully. 

In the second (02) system, cellulose acetate (CA) based thin film nanocomposite reverse 

osmosis (RO) membranes were fabricated using dissolution casting method by optimizing the 

CA/polyethylene glycol (CA/PEG-400) ratios for improved RO performance. The selectivity 

of optimized membrane was further enhanced by incorporating TiO2 (0-25 wt.%) 

nanoparticles. Fourier transform infrared spectroscopy (FTIR), thermogravimetric analyzer 

(TGA), scanning electron microscopy (SEM) and X-ray diffraction (XRD) were conducted to 

characterize control and modified membranes for the analysis of functional groups, thermal 

properties, morphology and structural investigation respectively. CP-2 of CA/PEG-400 

(80/20) was selected for further modification with TiO2 nanoparticles. The maximum salt 
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rejection (95.4 %) was observed for the membrane having 15 % TiO2 nanoparticles. Further 

escalation of TiO2 concentration resulted in the agglomeration of nanoparticles which 

subsequently decreased the permeation flux. The test results demonstrated that the modified 

membranes had higher salt rejection and chlorine resistance, lower degradation profile, 

successful inhibition of Escherichia coli growth and facilitating permeation flux compared to 

the control membrane. 

 In system (03) the membrane separation technique has been applied for the separation 

of MgSO4 from sea water. In this work, a series of novel cellulose acetate membranes were 

prepared via blending with different concentration of HNTs and irradiated grafted with 

VGCNFs. The morphology and topography of the VGCNF membranes were observed using 

SEM and AFM respectively, which indicated the improved membrane structure, dispersity 

and surface roughness in the polymer matrix. The experimental data demonstrated that 

VGCNF grafted membranes has improved permeation flux 48 L/m
2.

h and MgSO4 salt 

rejection 98.6% compared to the control membrane. More importantly the thermal stability 

by TGA revealed that VGCNF4 showed enhanced stability compared to the control 

membrane. As a result, this study could provide a great potential for the removal of salts from 

sea water.  
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Chapter 1 

1 Introduction 

Global demand for fresh water increased six-fold between 1900 and 1995, more than 

double the population growth over the same period [1-3]. This trend has enhanced even 

further since 1995, due to the simultaneous increase of water usage in emerging economies, 

as a result of the reduction of fresh water supplies due to pollution and change in climate. The 

deficiency of approach to fresh water and cleanliness is the main cause of diseases and 

hindrance to the sustainable growth of the majority of the world's population [4]. Most of the 

developing countries are experiencing fast industrialization without a suitable waste water 

management system, and are now facing the growing problem of water pollution in addition 

to dealing with the problems of poor supply of water and sanitation [5, 6]. More than 2.5 

billion people (about 40% of the population of the world) currently have no approach to 

sewer health systems [7]. At the same time, the sustainable facility of resources of clean 

water is significant for all economies regardless of their size. The adaptation to biofuels could 

increase the need for water for irrigation of crops, refining and manufacturing of product [8].  

Due to climate change, natural water resources are declining, over-exploiting and 

plans such as water transport, water conservation, and new dam construction cannot meet the 

growing demand. Therefore, the challenges of the day include recovery of clean water from 

seawater, the world's richest water resources to date, and wastewater treatment and recovery. 

The most important solution of these problems is desalination technology which converts salt 

water to clean water [9]. Fig. 1.1 shows the global demand for fresh water. The contract 

capacity of desalination plants in 2007 increased from 4.7 million m
3
 in 2006 to 6.8 million 

m
3 

per day, an increase of 43%. In the first half of 2008, the contracted capacity increased by 

39%. In 2009, the global total amount of seawater desalination was about 50 million cubic 

meters [10]. 

The separation process is an essential part of the downstream operation in 

biochemical, chemical, food, petrochemical and several other process industries. It is the 

process that holds the key to achieve the goals such as isolation, purification, concentration 

and refining of a product from a mixture. In order to supply high-quality water to 

communities and industry, to obtain high-value products in the food and pharmaceutical 

industries, to remove toxic and recover valuable components from industrial wastewater, 

efficient separation processes are required [11]. 
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Fig. 1.1 Global demand for fresh water [12]. 

The separation processes can be divided into two categories for fluid mixtures, 

generally called equilibrium and rate governed. Equilibrium processes include conventional 

separation processes that are used on large scales in the industry such as distillation, 

evaporation, adsorption and extraction.  In the first phase, a mixture to be separated is 

brought into intimate contact with a second phase [13]. As some time is passed, a 

thermodynamic equilibrium is established between two phases, at that time the temperature 

of both phases as well as chemical potential of all the components is same, though the 

analytical concentrations may differ, in a way that a component can be highly depleted in one 

phase while enriched in the other one. If a new equilibrium is established at varying 

temperature and pressure the enriched component can be recovered from the two phases. If 

this process is repeated, a phase in which one component is present at the desired purity can 

be obtained [14].  

The rate governed separation is based on the differences in transport rate through 

some medium such as some kind of membrane under the influence of driving force resulting 

from a change in the pressure gradient, temperature, concentration and electrical field.  

1.1  What is a Membrane? 

The origin of the word membrane is from the Latin word membrana meaning skin. 

The major task of a membrane in the living world is to keep things separated while allowing 

the materials to pass selectively. Membranes are the structures which have lateral dimensions 

much greater than their thickness through which occurrence of mass transfer may proceed 

under driving forces of various kinds [15]. Fig.  1.2 shows the separation process via 

membrane technology. The membrane can be a contacting or selective barrier; in contacting 
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barrier the function of membrane is to contact the two regions between which the transport 

occurs, while in the latter case, its function is to control the exchange in the regions that are 

adjacent to it in a very specific manner [15, 16]. A membrane is usually defined on the basis 

of its function rather than on its structure. Therefore, it can be of several kinds such as bipolar 

or neutral, liquid or solid, asymmetric or symmetric, having a negative or positive charge or 

can be heterogeneous or homogenous [17].  

 

Fig.  1.2. Separation process via membrane technology [18] 

Diffusion or convection processes of individual molecules that are induced by the 

concentration or electric filed and temperature or pressure gradient can affect the transport 

through the membrane. Membranes can modify the permeating species both chemically and 

physically in order to regulate the rate of permeation or prevent permeation [19]. On the basis 

of this property, membranes can be regarded as active or passive. The thickness of the 

membrane varies from 100 microns to some millimeters. The permselectivity is another 

characteristic property of the membrane which is calculated by the difference in the transport 

rate of different constituents in the matrix of the membrane [20].  

The idea of cell membrane from a structureless and functionless packaging for the 

cytoplasm is certainly changed to a more complex organ which is responsible for most of the 

fundamental processes that are characterizing the living cell. As a result of this advancement, 

the membranes were developed to affect separation processes of industrial importance in 

which the selective permeability of some components under certain gradients of driving 

forces can be utilized as separating medium [21]. 

1.1.1  Historical Development of Membranes 

The membrane separation processes have undergone fast growth during the past half-

century. These processes have transformed from a mere laboratory tool to products of the 

industry with important commercial and technical significance [22]. 
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The membrane phenomenon has been studied by philosopher-scientists of eighteenth 

century first; Abb‟e Nollet used the term osmosis to describe the phenomenon of permeation 

of water through a diaphragm in mid-eighteen century. At the earlier stages of development, 

membranes were primarily used for laboratory experiments. Van‟t Hoff, for example, used 

membranes for the measurements of osmotic pressure of solutions. Traube and Pfeffer used 

membranes to develop the limit law, while Maxwell and some others used the concept of 

semi-permeable membranes to develop the kinetic theory of gases [23]. 

Early scientists investigated with every type of diaphragm available but later collodion 

membranes were preferred due to their ability of reproducibly. At the start of 20
th

 century, a 

technique was forged to prepare nitrocellulose membranes of graded pore size using bubble 

test. During the next half century or so, microporous colloid on membranes and other 

polymers such as cellulose acetate were commercially available [24].  

Due to the broken water supply system in Europe during the Second World War, there 

was a dire need for efficient filters to test for water safety. The research resulted in the 

development of such product with the help of U.S armed forces. 

 The time period starting from mid-20
th

 century can be termed as a golden age for the 

membrane technology, with the invention of the first asymmetric integrally skinned cellulose 

acetate reverse osmosis (RO) by Loeb and Sourirajan [25]. This development led to certain 

membrane applications and processes such as desalination by reverse osmosis. Methods of 

packaging membranes into large membrane area like hollow fine fiber, capillary and spiral 

wound were also developed and advances were made to improve the stability of the 

membrane. During this period, every phase of membrane technology such as chemical and 

physical structures, research tools, applications and membrane formation processes have 

undergone significant development. In the late-20
th

 century, a major development was the 

rise of industrial membrane gas separation processes with the first being Monsanto prism 

membrane for hydrogen separation followed by Separax and Cyanara system to separate 

carbon dioxide from CH4 and Dow‟s nitrogen separation from air. Ultrafiltration, 

microfiltration and nano-filtration membranes also assumed superior importance during the 

late-20
th

 century [26]. 

1.1.2 Basic Principle of Membrane Separation 

There are certain mechanisms that must exist to facilitate the transport of one 

component and hinder the transport of the other, on the basis of which the membranes can be 

classified. Membranes of porous nature can be differentiated according to the size of 

molecules or particles, while, non-porous can be differentiated on the basis of chemical 
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affinities between membrane materials and components. Changing the rates of mass transfer 

is one of the main function of membranes [27]. Fig.  1.3 shows the process of separation via 

different types of membrane. This change occurs due to the ability of membranes to interact 

with separating components both chemically and physically. Physical interactions occur in 

processes such as filtration, in which several components pass through the membrane at 

different rates on the basis of their sizes [28, 29]. The general formula for representing the 

flux is given below: 

Flux = 
                     

                  
  (             ) 

According to the above-mentioned equation, the flux depends linearly on the driving 

force as well as the permeability. While flux is inversely proportional to the membrane 

thickness thicker the membrane, lower will be the flux and vice versa. 

 

Fig.  1.3. The process of separation via different types of the membrane [29] 

On the basis of thermodynamics, there may exist three types of transport mechanisms 

through membranes which are passive, active and facilitated transport mechanisms. In a 

system which comprises of single flow or single driving force, the direction of flow must be 

directed from a region of higher electrochemical potential to one of lower electrochemical 

potential [13]. 

The transport mechanism of a permeant through a membrane is a three-step process: 

attachment with a carrier molecule at the inner surface of the membrane, transport of this 

complex across the surface and dissociation of the permeant molecule at the interior surface. 
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1.1.3 Solution diffusion model 

The earliest model which was proposed for the membrane processes was solution 

diffusion model. The basic principle of this model is based on the membrane diffusion 

through a dense layer. The solution diffusion model can be written as:  

     (     )            (1.1) 

The water permeability    is considered as constant for a particular temperature, 

whereas    P1 – P2 is the difference in hydrostatic pressure, with the first one exerted on 

the feed and the second on the product solution while    is the difference in osmotic pressure 

of the feed solution to that of product solution [30]. This model has one main drawback that it 

fails to predict flux behavior unless membrane-organics terms are included. If the diffusion of 

solute through membrane has to be determined the equation can be written as: 

    
     

 
(c1 - c2)            (1.2) 

   (c1 – c2)                    (1.3) 

Where,    
     

 
 

             = solute flux 

            = Diffusivity of solute in membrane 

           = Distribution coefficient 

        
  

 
 = 
                                   

                                   
 

          = solute permeability constant 

Under steady state condition, the solute that is diffusing through the membrane will 

have to be equal to the amount of solute leaving the permeate solution. 

    
    

   
           (1.4) 

Where      is the concentration of solvent in the permeate stream. 

1.2 Classification of membrane processes 

The membrane processes are mainly classified in accordance with the driving force used 

in the process. Fig.  1.4 shows the classification of the membrane on the basis of pore size. 

The most common processes are pressure driven processes such as microfiltration, 

concentration gradient driven processes such as dialysis and electrical potential driven 

processes such as electrodialysis. On the basis of driving force, a membrane for industrial 

separation can be classified as [29]:  
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1. Concentration Gradient Driven Process: 

 Dialysis 

 Membrane Extraction 

2. Pressure Driven Process: 

 Microfiltration 

 Nano-filtration 

 Pervaporation 

 Ultrafiltration 

 Reverse osmosis 

 Membrane gas separation 

3. Electrical Driven Process: 

 Electrodialysis 

 

Fig.  1.4. Classification of the membrane on the basis of pore size [29] 

Apart from the ones mentioned above, there are various other processes such as 

membrane reactors and contractors, facilitated membrane transport, piezodialysis, membrane 

distillation etc. In addition, there are certain hybrid processes in which conventional 

processes are combined with membrane separation. According to Kesting principal, the 
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characteristics of different commercialized membrane separation processes can be specified 

based on the following seven aspects [31]:  

1. Nature of the retained materials 

2. Driving force 

3. Separation goal 

4. Materials of feed solution transported through the membrane  

5. Mechanism of transport 

6. Phases of feed and permeate streams 

7. Nature of materials transported through the membrane 

The common pressure driven processes such as ultrafiltration, microfiltration and reverse 

osmosis are the application of hydraulic pressure to speed up the process of transport. 

Reverse Osmosis is a dewatering technique while ultrafiltration is mainly used for 

concentration and fractioning macromolecules. Microfiltration and nano-filtration as the 

name suggest are the processes that include micro- and nano-sized particles. In the former, a 

clarification process separates molecules and particles on the basis of solubility and size 

while the later one is the intermediate of ultrafiltration and reverse osmosis [2].  

To determine the transport phenomena and ultimate quality of the product, pore size and 

distribution play an important role. The size range varies from 0.0001 to 0.001 µm for reverse 

osmosis members while ultrafiltration and microfiltration membranes have pores sizes of 

0.02 to 10 µm and 0.0001 to 0.02 µm, respectively. 

1.2.1 Advantages of membrane processes 

The membrane processes provide separation technique for selective solute separation 

and permeate recycling and reuse with high flexibility. Some features like compactness, 

operation and modular design along with ease of fabrication hold the key to the attraction of 

membrane processes [32]. 

Some major advantages are given below: 

1.2.2 Appreciable energy savings 

The passage of concentration and separation without using heat is a major advantage 

of membrane technology over conventional processes. Freeze concentration and evaporation 

are commonly used dewatering techniques which are being used for liquid products [27]. As 

there is no requirement of changing the state of solvent in the membrane separation process 

to effect dewatering, an appreciable amount of energy can be saved. 
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1.2.3 Clean technology with operational ease  

The membrane separating techniques can be operated at ambient temperatures due to 

which no complex heat transfer or heat generating equipment is needed. Another advantage is 

that no condenser is needed as in other evaporators, this result in considerable energy savings 

[33]. 

1.2.4 Replaces the conventional processes 

The existing equilibrium driven separation technologies that are not based on 

membrane separation processes may have significant shortcomings such as operational 

difficulties, slower rate, lack of modularity and flexibility and the need of more space [34]. 

These problems can be overcome by membrane processes. 

1.2.5 Recovery of high value products  

By the advancement of technology, more situations arise where the substance of high 

value are formed in very low concentration. The separation efficiency in the case of 

conventional processes drops rapidly as the concentration of the desired component falls, 

while membrane separation techniques, on the other hand, can give better results [3]. 

1.2.6 Greater flexibility in designing system 

As technology develops new membranes with improved properties in transport and 

better stability to chemical and thermal attacks, new potential applications are identified at a 

larger scale. The industries that are based on membranes are responding to the needs of the 

market by applying these applications on a larger scale [35]. 

1.2.7 Hybrid process development 

In hybrid processes membrane unit operations are used as part of process design along 

with other operations. This process uses either a membrane or another unit operation to 

accomplish the objective of the process alternatively to conventional design philosophy. For 

example, the distillation process is used for the dehydration of organic solvents, while 

membrane modules are also present for this purpose [24]. The hybrid process can use both 

distillation and membrane separation processes in series in order to increase capacity and 

improve quality keeping in view the cost and performance of the individuals. 

1.3 Disadvantages of Membrane processes 

Membrane separation processes do have certain cons which lead to its application 

restrictions. Some of them are given below: 
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1.3.1 Upper solid limits 

The membrane separation processes are normally limited in their upper solid limit. 

For example, in reverse osmosis, the osmotic pressure of the concentrated solutes limits the 

process. In the case of other processes such as microfiltration and ultrafiltration, high 

viscosity and low mass transfer rate makes the process difficult [36].  

1.3.2 Expensive  

The cost of the membrane separation processes is more as compared to the 

conventional processes, due to certain factors such as fouling, occasional replacement, 

fabrication method and poor clean-ability [33]. 

1.3.3 Membrane fouling  

It is relevant problem in membrane separation processes. In this problem 

contaminated feed enhances the rate of membrane fouling especially for hollow fiber 

modules [37].  

1.4 Major areas of applications 

Membrane processes have found a wide range of applications in the industries as 

capable separation techniques. These processes hold impressive significance for the 

purification of different products, water reclamation, hydrometallurgical processing, 

resolution of aqueous liquid mixtures and many more. Despite membrane processes are not 

elixir for all separation and recovery problems and in many cases other processes are either 

less expensive or more effective or both. However, the processes that involve pressure driven 

membranes such as ultrafiltration, microfiltration and reverse osmosis have certain 

advantages that make them superior over others [38]. 

1.4.1 Chemical industry 

Membrane separation has burst as the most useful and important separation technique 

in recent times especially in the chemical process industry.  

Their major applications include: 

i. Waste water treatment 

ii. Desalting of food, reactive dyes and acids 

iii. Process water production from industrial waste water 

iv. Concentration of dyes  
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1.4.2 Pharmaceutical industry 

Membrane separation processes have various applications in pharmaceutical 

industries such as: 

i. Purification and concentration of macromolecules such as enzymes and 

proteins 

ii. Endotoxin free water 

iii. Process water as per USP standards 

1.5 Classification on the basis of membrane types, materials, preparation 

and characterization 

As the membrane is the main part of the membrane separation process, its main 

function is to perform as a selective barrier either to allow or hold the passage of permeating 

species. Several types of membranes are available these days varying from natural to 

synthetic polymers and inorganic materials. Fig.  1.5 shows the types of synthetic 

membranes. The choice depends upon their properties, such as mechanical strength, good 

permeability, resistance to fouling, pore characteristics, chemical stability and compatibility. 

Membranes are classified as: 

 

Fig.  1.5. Types of synthetic membranes [22] 
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1.5.1 Micro-porous membranes 

The function and structure of micro-porous membrane are somewhat very similar to 

the conventional filter. Its structure is rigid and highly voided with randomly distributed and 

interconnected pores. However, these pores are different from those present in a conventional 

filter as they are very small approximately on the order of 0.01 to 10 µm in diameter. The 

particles that are larger than the largest pore available are rejected by virtue of sieving effect 

[39]. There are two types of micro-porous membranes: 

1.5.2 Anisotropic membranes  

The transport rate through these membranes is directly related to the thickness of the 

membrane. In membrane separation processes high transport rate is required due to economic 

reasons. So, the thickness of the membrane should be as thin as possible. The membranes 

should be mechanically strong and defect-free having thickness about 20 µm. These 

membranes consist of a thin layer supported on a thicker and a porous substrate.The 

permeation rates and separation performance of the membrane are determined by the upper 

thin layer, while the substrate acts as a mechanical support. In these types of membranes, the 

pores change in size from one surface of the membrane to other. All the commercial 

processes use these membranes, because these membranes provide higher flux. 

1.5.3 Isotropic membranes    

In isotropic membranes, the pores are of uniform size throughout the 

membrane.These types of membranes are designed to retain all particles that are above their 

ratings. For instance, a membrane of 0.45 µm size will only allow the particles of size under 

0.45 µm to pass through it. Although it does not mean that the size of pores is 0.45 µm or 

less, it is observed often that pores are much larger than the particles they retain [40]. 

1.5.4 Asymmetric membrane 

 The greatest breakthrough in membrane research and development is probably 

asymmetric membrane. These membranes are characterized by a thin skin on the surface, 

while the layers underneath this skin may have voids which support the layer above. 

Determination of separation characteristics is done on the basis of nature of membrane 

material and pore size while skin thickness is the main factor in determining the transport rate 

[41]. The sub layer beneath the skin acts as a support for the above skin layer which is fragile 

and thin without effecting the separation characteristics. These types of membranes are 

further classified as: 

 Integrally skinned: In this type, the skin layer results from phase inversion process 

which is porous. 
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 Non-Integrally skinned: In this type of membrane skin layers are homogenous in 

nature and are deposited from the solution 

1.5.5 Electrically charged membranes 

These membranes are mainly ion exchange membranes which consist of highly 

swollen gels carrying fixed charges and are mostly used for electrodialysis. These membranes 

can be micro-porous or impenetrable,  but they possess very fine pores carrying fixed charged 

ions [42]. 

The positive or negative charges determine which type of ions the membrane will bind in 

the surrounding fluid. The fixed positive charged ionic membrane is termed as an anion 

exchange membrane because its function is to bind anions in the surrounding fluid while its 

counterpart is called as cation exchange membrane because it contains fixed negatively 

charged ions [43]. The main factor that plays an important role in the separation process is 

the exclusion of ions of the same charge rather than the pore size which plays a much lesser 

role. The ion exchange membranes are typically non-porous and a membranous polymer 

having ionic groups is a typical functional polymer. The main features of these membranes 

are: 

 Ion conductivity 

 Hydrophilicity 

 The existence of fixed carrier 

1.5.6 Thin film composite membranes 

 The major innovation in the field of membranes came in the late 20
th

 century with the 

development of composite membranes. These membranes are termed as the second 

generation membranes and also as thin film or thin layer composite membranes. The primary 

purpose of their development is for the reverse osmosis and nano-filtration applications [44]. 

These composites have a thin dense polymer skin formed over micro-porous support film. 

These types of membranes are available in a variety of designs such as plate and frame, spiral 

and tubular module. For the successful production of composite membranes, a finely porous 

substrate is required upon which the thin film can be properly adhered [45]. For complete 

film support, the thickness of the film must be greater than the diameter of the pores in the 

substrate. In the case of membrane dewatering processes, the pores should be close enough to 

allow the water permeating the thin film to pass through the substrate unimpeded. These 

membranes are superior to cellulose acetate membranes in terms of several properties such as 

pressure, pH stability, flux, temperature and rejection of solute. However, they have an 



32 
 

inferiority as compared to cellulose acetate membranes that have a greater bio-fouling 

tendency.  

1.5.7 Inorganic membranes 

 Ceramic membranes are termed as inorganic membranes. They are flexible and can 

operate at higher temperatures. Metallic membranes are normally stable within a range of 

500-800    while many ceramic base membranes are usable at over 1000   . They have other 

superior properties such as resistivity to chemical attacks [46]. Because of the wide range of 

materials that can be used in the manufacturing of the inorganic type of membranes, 

resistivity to corrosive gases and liquids at very high temperatures can be realized. These 

membranes contend with organic membranes for use on a commercial basis. In many of the 

above mentioned rough environments, the operation performed by the organic membranes 

may not be up to the standard, only inorganic type of membranes will be able to survive 

them.  

 The structure of ceramic membranes is normally asymmetrically composed of at least 

two, mostly three different levels of porosity. So, before applying the active micro-porous 

layer, an intermediate meso-porous layer is often applied to reduce the roughness of the 

surface. 

 Such membranes have various uses: 

 Hydrocarbon separation by zeolite and silica membranes  

 Air separation by mixed oxygen ionic and electronic conducting ceramic membranes 

and molecular sieve carbon membranes 

 Carbon dioxide separation by silica or zeolite membranes  

 Hydrogen separation by silica, metal and zeolite and proton conducting membranes 

1.6 Typical flow patterns 

 In an ideal case, there are four flow patterns for membrane separation. In one of them 

both the feed and permeate sides of the membrane are well mixed. This is somewhat similar 

to continuous stirred tank reactor, the residue and the product compositions are equal to their 

respective uniform composition in the chamber [47]. In some kind of current flow patterns, 

the fluid on the feed side flows parallel and in the direction of the upstream surface of the 

membrane. The fluid on the downstream side of the membrane is made up of fluids that have 

just gone through the membrane at that location along with the permeate moving to that 

location. 
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 Another ideal case scenario of flow pattern for the membrane separation process is the 

one in which the feed stream is in plug flow and the permeate flows in a normal direction that 

is away from the membrane without mixing. As the feed composition is different along the 

path of flow, the local permeate concentration also differs along the path of the membrane.  

1.6.1 Pore characteristics 

 The function of the membrane is that it permeates solution based on the number of 

pores and sizes that allow the solution to enter and pass through to the other side. Fig.  1.6 

shows the type and characteristics of the different membranes. 

 There can be two types of pores present in the membranes i.e. open pores and closed 

pores. The solutes that are unable to enter the pores are rejected.  Macro and meso-pores are 

commonly associated with the pressure driven membrane processes that are encountered in 

the general environment of the laboratory. Gas and dialysis removal of humidity membranes 

use materials having ultra-micro-pores [48]. A membrane has specific characteristics such as 

surface porosity, pore shape and pore size distribution. The distribution of pore size and 

surface porosity normally depends upon each other for certain materials and types of the 

membrane [49]. 

 

Fig.  1.6. Type and characteristics of different membranes [50]. 
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1.7 Reverse Osmosis 

 The reverse osmosis process or less commonly known hyper-filtration process is 

energy efficient, high pressure technique for concentrating low molecular weight substances 

in solution, dewatering of the process streams or for the purification of the wastewater. This 

process has the ability to concentrate suspended as well as dissolved solids, with this view it 

has been used in the process of desalination of brackish water [2, 51]. Fig.  1.7 shows the 

phenomenon of Reverse Osmosis (RO). Desalination is carried out in such a way that a flow 

is created through some membrane, which causes the water to pass into the salt-free side from 

the salty side. This can only be done when enough pressure is created upon the water column 

on the region containing salt in it. This is done in order to remove the osmotic pressure 

naturally available at first and then to create the pressure that is required to move water 

through the membrane by force. In order to understand the RO process completely, it is 

necessary to know about the phenomenon of osmosis itself [52]. 

Fig.  1.7. Phenomena of Reverse Osmosis (RO) [53]. 

1.7.1 Concept of Osmosis 

Osmosis has its origins from the Greek word „osmos‟ which means to push, it is a 

natural phenomenon normally observed in plants. A plant cell is a somewhat semipermeable 

membrane having the living stuff inside a salt solution. Water from outside is drawn into the 

cell due to the ability of pure water to move across such type of membrane to reduce the 

concentration of salt present inside [35]. This is the same mechanism with which water is 
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drawn when we water the plants from the ground. On the contrary, if the plants are being 

salted from outside they become weaken because of the difference of concentration of salt 

between inside and outside of the membrane.  

The process of osmosis can also be defined as the physical movement of some solvent 

through a semipermeable membrane as the difference in chemical potential of the solutions 

that are separated by this membrane exists [16].  

For example, a beaker of water was divided through the center by a membrane that 

was semipermeable. This membrane can be defined as the membrane which lacks the 

capability to diffuse the things other than the solvent. If a small amount of common salt is 

added to this water solvent on one side of the membrane, then the solution of this salt water 

will be having higher chemical potential than the one on the other side of the membrane [54]. 

So, in order to balance the difference in such type of potential, water diffuses through the 

membrane towards the salt water side from the normal water side. Fig. 1.8 shows the 

phenomenon of osmosis. The pressure exerted during this process is termed as osmotic 

pressure.  

 

 

Fig.  1.8. The phenomenon of osmosis [55] 
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This movement and diffusion do not stop until any one of the two conditions were met, in one 

case the solution exactly balances to an extent when the remaining difference is offset by the 

hindrance or loss of pressure of diffusion through the membrane. In the second scenario, the 

rising column of the water containing salts applies adequate diffusion pressure in order to 

limit further diffusion. After that the osmotic pressure of a solution can be measured by 

noting that point at which the pressure of head stops further diffusion [30, 56]. 

1.7.2 Determination of osmotic pressure 

 The movement of a solute within a solvent that is thermal in nature is over stifle by 

the molecules of solvent surrounding it. The movement of solute is completely determined by 

the variations of thermal collisions with the nearby molecules of solvent. However, the solute 

molecule has the same average thermal velocity had it been free in a gas phase, without 

nearby solvent molecules [57]. 

 A solute molecule will transfer its momentum to the membrane whenever its 

movement is blocked by the membrane and in this way generates pressure on the membrane. 

As the velocity of such solute molecule is the same as that of the free molecule, therefore, the 

pressure exerted on the membrane wall will be the same as the pressure of an ideal gas of 

similar molecular concentration. The osmotic pressure, in this case, can be expressed by the 

Van‟t Hoff formula: 

П = 
 

  
                        (1.5) 

 In the above equation n is the number of kg mol of solute,  w is the molar volume of 

pure solvent water in cubic meter which is connected with n kg mol of solute, R is general 

gas constant while T is absolute temperature. The osmotic pressure depends on the molar 

concentration of the solute and not on the type and molecular size of solute. 

1.7.3 The Phenomenon of Reverse Osmosis 

 The natural process of osmosis can be reversed if the osmotic pressure across the 

membrane can be overcome because the direction of the flow is generally towards 

concentrate from the dilute. In such a scenario if we want more pure water, we must increase 

the content of salt in the cell. Fig.  1.9 shows the basic principle of RO process. 

 In order to do this, we have to force the water across by increasing the pressure on the salty 

side of the membrane [2]. The salt concentration is the main factor to determine the amount 

of pressure, as the water is forced out, the concentration of the salt increases requiring more 

pressure to get more pure water. 
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 Fig.  1.9.  Basic principle of RO process [52] 

 The water can be diffused in the opposite direction if the hydraulic pressure is greater 

than the sum of the osmotic pressure difference and the pressure loss of diffusion through the 

membrane is applied. This process is termed as reverse osmosis [58]. Diffusion will be faster 

if the applied pressure is greater and vice versa and if the other variables are kept constant, 

the flow rate of the water becomes proportional to the net pressure [59]. Using RO process 

we are able to concentrate different solutes that are dispersed or mixed, in some solution. The 

separation range of the reverse osmosis process is around 0.0001 to 0.001µm size of particles. 

1.7.4 Pressure requirement for RO process 

 The RO process is based on the liquid driven membrane phenomenon, which allows 

the membranes to pass water and reject the micro-solutes such as low molecular weight 

organics and salts. The other kind of driving force needed is pressure driven force that is 

required in order to overcome the force of osmosis that makes the water to flow towards 

concentrated feed from dilute permeate. The amount of pressure to be applied depends upon 

the concentration of the salt solution in the concentrate side of the membrane. For example, a 

system to be run at 1100 ppm on the concentrate side requires an application of over 200 psi 

of pressure. Generally, around 800+ psi pressure is needed for the system to run 33000+ ppm. 

In case of household appliances about 50-70 psi pressure is needed [55]. 

1.7.5 High and low pressure RO process 

 In high pressure osmosis process, the consideration for osmotic pressure is a 

significant factor. Generally, feed side operating pressure exceeding 100 bar are included in 

the high pressure RO process. Attempting for high water recoveries in waste water treatment 
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systems, operation at trans-membrane pressure difference of 120 and 200 bars has to be 

developed. This kind of pressure difference will allow the sufficient driving for the separation 

of water from the salt solution [55]. The low pressure RO process is used for preparing the 

electronic grade water where high separation of salt and low molecular weight organic 

solutes is required from dilute solutions. 

1.7.6 Advantages of reverse osmosis process 

 The RO process is vastly used process and regarded as most important when it comes 

to desalination of brackish water. Commercially, it was introduced in the late 1960s when the 

high flux asymmetric cellulose acetate membrane was developed by the technique introduced 

by Sourirajan and Loeb [60]. Several advantages of the RO process are as follows: 

 As it is a pressure driven process, no potentially expensive solvents are needed 

 It is a simple technique with very simple design and operation 

 It can be used in a hybrid process along with conventional processes 

 Separation and concentration of both organic and inorganic compounds can be done at 

once 

1.8 Types of RO membranes 

 There are two most commonly reverse osmosis membranes are available: 

1. Asymmetric membranes 

2. Thin film composite membranes 

1.8.1 Asymmetric membranes 

The asymmetric types of reverse osmosis membranes have a thin layer of skin, which 

is supported on a more porous sub layer of the similar kind of polymer. The function of the 

porous layer is to provide mechanical support to the above skin layer, while the skin layer 

which is dense determines the selectivities of the membrane and fluxes. The passage of quite 

small solute molecules is being blocked by this dense layer. The phase inversion methods are 

being used usually to prepare such type of asymmetric membranes [41]. 

1.8.2 Thin film composite membranes 

As the name suggests, this type of membrane consists of a thin polymeric barrier layer 

formed on single or multi support layers which will always be different from the above 

surface layer. In these kinds of membranes somewhat similar phenomenon occurs where the 

porous layer serves as a mechanical support while the surface layer determines the flux. The 

barrier layer is extremely thin, which allow high water flux. Such membranes are fabricated 
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by interfacial polymerization process in which highly porous poly-sulfone is coated with an 

aqueous solution of polymer and then a reaction takes place with a cross-linking agent in a 

non-aqueous solvent [61]. 

1.9 Selection criteria of reverse osmosis membrane:  

 The function of the RO membrane is to reject impurities and allows the water to pass 

through. This ability depends not only on the size of the ion that is rejected but also on the 

electrical charge that is carried by that ion [62]. The important properties to be considered are 

the amount of a particular ion, pressure difference across the membrane and total amount of 

dissolved solids. It is beneficial to note that most of the ions are rejected by the membrane 

while some of them may pass through. Flow is in proportion to the net pressure across the 

membrane [63].  

 The net pressure across the membrane is equal to the difference between inlet 

pressure and the sum of back pressure and osmotic pressure. Osmotic pressure for water 

molecules is related to the chemical bonding of dissolved materials. The osmotic pressure 

which is equal to about 1 psi for every 100 ppm of TDS, does not affect the pressure as 

measured with a gauge. The net pressure has certain effects on the production and quality, if 

it is lower, then the production and quality of water produced will be lower and vice versa. 

1.9.1 Solute rejection 

 Solute rejection is the fraction of solute remaining in the feed stream. In RO process 

the solute rejection may be defined as the ratio of concentration difference of the solute 

across the membrane to the bulk concentration of the solute on the feed side. 

   
     

  
 = 1 - 

  

  
                      (1.6) 

1.10 Design and operation parameters for RO process 

 Several operational and design parameters for the process of reverse osmosis are 

briefly explained here: 

1.10.1 Pressure 

 Pressure is an important factor in determining the design as well as operating 

conditions, as water flux is a function of the pressure difference between the osmotic pressure 

across the membrane and the applied hydrostatic pressure [64]. As the applied pressure is 

increased, the passage of water also increases while the osmotic pressure is assumed to be 
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constant. The rejection of solute increases with pressure because of the increase in solvent 

flux and no change in the solute diffusion. 

1.10.2 Temperature 

 With the increase in temperature the solvent flux increases due to the decrease in 

viscosity. The solute rejection also goes upward with the rise of temperature because of the 

increase of osmotic pressure and also due to the higher activation energy of solute passage as 

compared to solvent passage [65]. 

1.10.3 Solute concentration 

 When the concentration of solute is increased, the flux declines due to an increase in 

the osmotic pressure difference. When the feed velocity is lower solute is polarized at the 

membrane but when the velocity is increased, mass transfer re-disperses more of a polarized 

solute, lowering the effective solute concentration at the membrane [66]. 

1.10.4 Membrane packing density 

 Membrane packing density is an expression of the unit area of the membrane, which 

can be placed per unit volume of the pressure vessel. The large is that factor the more will be 

the overall flow through the system. The value ranges from 160 to 1640 m
2
/m

3
 of the 

pressure vessel. 

1.10.5 Recovery factor: 

 The recovery factor represents plant capacity and is normally in the range of 75 to 

95% with the practical maximum of about 80%. More salt concentration will be there in the 

process water if there is a high recovery factor and vice versa. If the concentrations are much 

higher than they normally increase the reduction in the separation efficiency. 

1.10.6 Feed water steam velocity 

 In the reverse osmosis systems, hydraulics is such that the velocities are in the range 

of 1.2 to 76.2 cm/s. The frame and plate systems operate at the higher velocity, while the 

hollow fine fiber units operate at the lower velocity. The need for high velocity and turbulent 

flow is necessary in order to minimize concentration polarization at the surface of the 

membrane. 

1.10.7 Concentration polarization 

 This term is used to describe the deposition of the unwanted solute at the surface of 

the membrane which causes the concentration of solute at the wall of the membrane to be 

much greater than that of a bulk feed solution [67]. This factor influences the performance of 

separation processes. In order to design the reverse osmosis process, it is important to 

understand the surface fouling and predict its performance.  
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 In the desalination process, there is a buildup of localized concentration of solutes at 

the point where solvent leaves the solution and enters the membrane. Due to this 

phenomenon, a relatively stable boundary layer adjacent to the membrane is formed. Since 

the effect of boundary layer concentration on the osmotic pressure is adverse then the overall 

driving force will decrease. As a result of this water flux will drop considerably [47]. 

Therefore, in order to compensate for this change, the net pressure must be increased which 

will result in the cost to be increased. Hydrodynamics, solute and membrane properties are 

the defining factors in case of concentration polarization. The concentration polarization is 

governed by both transverse and axial flow fields, which in turn are influenced by 

concentration polarization [68-70]. In short, the concentration polarization may have the 

following effect: 

1. A considerable decrease of flux. 

2. An increase in Fouling. 

3. An increase in Solute transport. 

4. Film resistance to mass transfer in the liquid at the membrane surface may be 

increased significantly. 

The recent developments in the module design which includes rotational membrane devices 

and pulsed flow to control polarization, the use of low refractory monoliths and use of 

electric potentials in order to minimize macro solute polarization and fouling. 

1.10.8 Membrane plugging 

 When salt is carried out into a membrane module it may deposit and plug it. An index 

named silt density index is used to show the tolerance for the suspended solids in the 

membrane by the membrane manufacturer [49]. This test is used for determining the plugging 

propensity of a reverse osmosis feed.  

 A 0.45µm MF membrane, 47 mm diameter is used for the test; the feed which is to be 

tested is passed through the filter at around 30 psi. The time that is required for the 1
st
 100 ml 

to pass through this filter is recorded and defined as t0. After that, flow is continued for 15 

minutes more and the time required for an additional 100 ml to pass through this filter is 

recorded as t2. From this flow experiment, the silt density index is defined as: 

    
   (     )

  (  )
                  

                                              
     

   
              (1.7) 

If there is a change in flow that it becomes drop-wise during the last 15 minutes, then 
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SDI = 
   

                                   
        (1.8) 

 The water must have a very low amount of solid content in order to keep the 

membranes from plugging up. This can be achieved if the solids are being removed or in 

another case if they are kept in suspension while passing through the system. There are 

certain ways to remove the solids from the solution; one of them is the addition of some 

chemical or use of efficient filtration. The lesser the amount of solid in the solution the lower 

will be the rate of membrane plugging. 

 When the water passes from the system, the ions in the reject stream goes on 

increasing in number as the water permeates through membranes. This phenomenon can 

result in precipitating out calcium and magnesium in the system and plugging the 

membranes. In that case, again the magnesium or calcium can be removed or chemical can be 

added to keep them in solution. 

1.10.9 Osmotic pinch effect 

 When the feed solution flows through the membrane arrangement and is pumped 

through the membrane train, a certain amount of pressure termed sensible pressure is lost due 

to certain effects especially that of friction. At the same time, there is an increase in osmotic 

pressure and accumulation of the salts can be observed. There is not any kind of alternative to 

the lowest pressure and the highest salt concentration because they occur at the same time at 

the exit point of the train. At this point the quantity (     ) is minimized and it is known 

as osmotic pinch and backward from this point hydraulic design takes place. The lowest 

quality permeate is produced at the pinch. The overpressure that can be preferred at the pinch 

is about 1 MPa and the minimum brine pressure acceptable is 1.1 times( ). 

1.10.10 Desalination of Brackish water 

 There are various applications of the RO process; one of the most important is 

desalination of the brackish water. As the industrial activity as well as the population of the 

world is increasing day by day the need for drinking water as well as for industrial use is also 

increasing proportionally. This increasing population and industrial activity have a very 

dangerous effect on the water underground with its salinity increasing every day [71]. At 

present, there are over 12500 industrial scale desalination plants around the world producing 

23 million m
3 

potable water daily. Asia‟s largest desalination plant has been put up by 

Nuchem Weir using the RO phenomenon for treating sewage water at 360 m
3
/h [59]. In case 

of brackish water where the salt‟s content such as sodium chloride is much less than that of 

sea water, lower osmotic pressure plants can be used to overcome for desalination. This 
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process along with microfiltration is used to produce ultrapure water for the manufacture of 

semiconductors. A typical RO plant consists of: 

i. Pre-treatment 

ii. Membrane Assembly 

iii. Post-treatment 

 The first step is very important in order to maintain a high quality of clean membrane 

surfaces. In this step, the water must be cleaned from the solids and then must be given 

treatment in order to avoid bacterial growth along the membranes and salt precipitation [72]. 

There is a pump which supplies the necessary pressure which is needed to push water through 

the membrane. The pressure ranges from 225 to 375 psi typically for the brackish water. But 

in other cases such as sea water, the requirement is different as it ranges from 6 to 8 MPa for 

sea water.  

 The second part of the reverse osmosis system is a membrane assembly; it consists of 

a pressure vessel with a membrane which allows the feed water to be pressed against it. 

Strength is a must for the membrane in order to withstand the applied pressure. The 

membranes for the reverse osmosis process are of various types, but the two most commonly 

used are the spiral wound and hollow fiber membranes. 

1.11 Membrane fouling 

 The increment of materials that are not wanted on the exterior surfaces of the 

membrane which decrease its performances and lifespan is known as membrane fouling. It is 

termed as the most common and considerable problem connected to the reverse osmosis 

membrane processes. The accretion of foulants on surfaces results in the formation of a gel 

layer along the membrane [2]. Fig.  1.10 shows the membrane internal and external fouling 

process. The forces of interaction between the surface of the membrane and the attached 

particles can be helpful in understanding the mechanism of fouling formation. The Derjaguin-

Landau Verwey-Overbeek theory is very helpful in describing the fouling phenomenon. This 

theory states that the net particle surface interaction is the sum of electrostatic interaction and 

the Van Der Waals forces. If the charges between the surface and the particles are different 

then they will attract each other but if these charges are same then they will repulse each 

other. If the interaction between the surface and the molecules is reduced they can be kept 

apart [73]. Fouling in the reverse osmosis membranes can be characterized according to the 

types of foulants attached.  
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Fig.  1.10. Membrane internal and external fouling process [36]. 

1.11.1 Colloidal fouling 

 The deposition of colloidal particles on the membrane surface is known as colloidal 

fouling. These attached particles can be defined as fine particles approximately 1-1000 nm in 

size. These colloid particles are prostrate to cause reverse osmosis membrane fouling as a 

result of their size range. In comparison to that, the larger particles can be removed from the 

membrane surfaces through shear induction spread out or lateral movement and the smaller 

particles can be easily spread out from a membrane surface through molecular diffusion[36]. 

The colloidal particles in the feed water are collected on the reverse osmosis membrane 

surface that results in the formation of a cake layer which creates a hydraulic resistance in the 

flow of permeate through the membrane. Colloids are of following types [74]: 

1.11.2 Organic colloids  

 The organic macromolecules can be further classified into fulvic compounds, flexible 

biopolymers and rigid biopolymers. The feeds containing colloidal particles which are not 

easily removed by granular beds because of their size or repulsive forces cause most of the 

problems. In such type of cases, the addition of coagulant is a necessity [75].  

1.11.3 Inorganic colloids 

  Commonly found inorganic colloids are iron hydroxide, aluminum silicate minerals 

and silica. The organic colloids that are not found frequently are manganese and aluminum 
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oxides, elemental sulfur and metal sulfides. These organic colloids are rigid and compact 

particles.  

1.11.4 Organic fouling 

 The accretion and soaking up of macromolecular organic compounds on the 

membrane is known as organic fouling. The dissolved organic matter which is abundant in 

surface water and sewage can be classified into three different categories according to their 

origins:  

 Synthetic organic compounds added by users and disinfection byproducts generated 

during chlorination processes of water and wastewater treatment. 

 Refractory natural organic matter derived from drinking water sources. 

 Soluble microbial products formed during the biological treatment processes due to 

decomposition or organic compounds. 

 Natural organic matter is a complex heterogeneous mixture of compounds formed due 

to decomposition of plant and animal materials. The most natural organic matter comprises of 

small hydrophobic acids, amino acids, proteins, fulvic and humic acids [57]. The first 

absorption on the membrane surface occurs followed by the formation of a cake layer or gel 

[58]. 

1.11.5 Inorganic fouling 

 The crystallization or precipitation of meagerly dissolved inorganic compounds on the 

membrane is termed as inorganic fouling. In order to differentiate inorganic fouling from 

other types such as organic fouling and bio-fouling, a term mineral scale is used. In RO and 

nano-filtration systems, high concentrations that exceed the solubility at the surface of the 

membrane are due to dissolved salts which are normally concentrated by about 4-10 times 

[57,59]. Barium sulfate, silica, calcium sulfates and carbonates are the most common salts 

that are responsible for the scaling on the membrane surface due to their low solubility. The 

intensity and the presence of scaling depend strongly on the solubility and concentration of 

possible scalants in the feed solution. From a thermodynamics perspective, the start of 

mineral deposition depends on its concentration, as it starts when the concentration of mineral 

salt is greater than the saturation limit [37]. Both the chemical reaction and oxidation 

processes can play a role in accelerating the deposition of inorganic during the filtration of 

the membrane. The decline of membrane scaling due to these inorganic fouling agents may 

be completed by the addition of antiscalants or by the adjustment of pH.  
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1.11.6 Bio-fouling 

 The stickiness and accretion of microorganisms and development of biofilm on the 

membrane are termed as bio-fouling. This is termed as one of the most problematic factors in 

the RO process and can be defined as unenviable growth of microorganisms at the surface of 

the membrane. The fungi, algae, bacteria, viruses and other organisms such as protozoa, 

living or dead and biotic debris such as bacterial cell wall fragments [76].  

 It is integrally more complicated than other fouling phenomena because of the 

behavior of the microorganisms which can grow, multiply and move on the membrane 

surface. Usually, this type of fouling starts by non-reversible stickiness of one or more 

microorganisms to the surface of the membrane which is followed by fast growth and 

generation of sessile cells in the presence of nutrients that come from the feed water [77]. 

When these microorganisms stick to the surface of the membrane, the start of building a gel 

like diffusion barrier layer named biofilm gets under way. The capacity of microorganisms on 

processing layers of polymers type materials called extra cellar polymeric substances affects 

the structure of the film greatly which also protects from toxins and biocides. These biocides 

are disinfecting agents which are capable of deactivating microorganisms [76-78]. The life 

functions of the microorganisms can be maintained by secluding inorganic or organic 

substances from the surrounding environment. Due to the above mentioned phenomenon, a 

terrible decrease in membrane performance occurs, which is termed as bio-fouling [79].  

1.12 Chlorine effect on RO membranes 

 The decaying of polyamide active layer, when exposed to free chlorine, is one of the 

limitations of polyamide thin film composite reverse osmosis membranes. These types of 

agents are often dosed into the feed stream to stop biological membrane fouling and to 

enhance bio-foulant removal from the reverse osmosis membrane surfaces [80]. Cleaning 

agents that provide free chlorine from compounds such as OCl
−
 and HOCl are termed as 

assertive oxidants that can affect the performance of membrane unfavorably. If sodium 

hypochlorite or chlorine is present in the reverse osmosis feed, then they undergo chemical 

reactions in order to form hypo-chlorous acid from which a proton is further removed in 

order to form hypochlorite ion (OCl
−
). 
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1.13 Factors affecting RO membranes fouling 

 It is a complex phenomenon on which different chemical and physical factors affect. 

In order to remove, rationalize and clean the formation of fouling its understanding is 

necessary. On general basis, three factors can be termed as deciding factors for classification.  

 Membrane surface properties such as surface roughness, surface charge and 

hydrophobicity. 

 The characteristics of the feed water such as foulant type, concentration, 

physicochemical properties, solution pH, ionic strength and composition. 

 Hydrodynamic conditions such as cross-flow velocity, temperature and water flux. 

1.14 Objectives of the Work 

            The main objectives of the Ph.D work are as follows: 

 To synthesize and develop a composite membrane system for reverse osmosis process 

by incorporating different organic/inorganic additives in polymer matrix. 

 Effective and efficient removal of salts from saline water. 

 Ensures antibacterial properties of the synthesized composite membranes. 

 Thermally and mechanically stable membranes. 

 Develop environment friendly membrane system. 

 An initiative toward the fabrication and development of desalination via membranes 

system in Pakistan. 

1.15 Motivation 

Contaminated drinking water is a worldwide crisis and the situation is getting worse every 

day.  Our life depends on clean drinking water rather than the food. 80% of all diseases result 

directly from water borne pathogens.  Because of industrial advancement and population 

growth, the demand for good quality water is increasing rapidly.  In order to utilize the 

limited sources efficiently, purification treatment is absolutely necessary for the drinking 

water purpose. At present,  the purification system using membrane technology is considered 

to be the most effective because it can eliminate biological contaminants like bacteria, virus 

etc. and also organic and inorganic impurities.  And as far as membrane technology is 

concerned only high energy filtration systems were used for the removal of salts and 
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biological contaminants, hence there is an urgent demand for low-pressure membranes with 

antibacterial activity and also with good water flux and salt rejection.  The goal of the present 

research is to develop a nanoporous membrane with nanoparticles immobilized on it and to 

investigate the role of nanoparticles in the membrane towards the pure water flux, removal of 

inorganic solutes and biological contaminants in water.  Among the metal oxides TiO2 is long 

been known for its antibacterial activity, hence in this study TiO2 nanoparticles incorporated 

membranes were tested against bacteria like Escherichia coli.  

“The motivation behind the thesis is to develop low pressure, low cost membrane 

immobilized with nanoparticles and crosslinked membranes which can eliminate physical, 

chemical and biological contaminants towards safe drinking water.” 

1.16 Problem statement 

Nanoscience and Nanotechnology offers solutions to most of the environmental issues and 

producing cost effective and low energy systems. Recent advances in nano-scale research 

promise solutions to many contemporary water quality issues and is expected to be the main 

areas of research in future. Even though membrane technology has long history of 

development, it still needs more research and development in exploring new  polymeric 

materials and surface modification of the available nano materials to satisfy the future 

applications. The research problem is to develop a cheap, cost effective and low pressure 

nanoparticle immobilized membrane that has the similar filtration capacities of other high 

pressure membrane such as RO systems. 
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Chapter-2 

2 Literature Review 

 Membrane processes are described for many different applications in up and 

downstream processing like ultrafiltration, microfiltration and many evolving processes such 

as high performance tangential flow filtration, membrane chromatography and 

electrophoretic membrane contactor. For separation and purification of different 

biotechnological products, membrane processes can be used efficiently. These RO 

membranes have become an essential part of biotechnological practices. Now improvements 

in membrane technology are being done according to the resolution of bio-products [81]. 

The technology of membrane distillation is progressing now a days and going to be an 

essential part of the industry. Membranes technology is progressing in many fields like 

membrane modules, fabrication of membrane and their design. The major disadvantage of 

membrane distillation is the irreversible wetting of pores of the membrane. To keep 

membrane pores dry, special care is necessary. If pores of the membrane become wet or 

blocked the effectiveness of the membrane distillation is decreased and thus membrane 

becomes useless. The cost of the MD membrane is higher than other membranes that are used 

in other processes such as reverse osmosis, ultrafiltration, and microfiltration. So the only 

possible method to save costs is the reuse of disposed of membranes [82]. 

 The usage of the membrane for desalination is increasing day by day because it is cost 

effective and an efficient process. RO membranes are the most important technology for 

desalination and are used for processing many salt water resources. There are two classes of 

RO desalination such as brackish water and seawater desalination. This classification is based 

on different processes that are used in these techniques and composition of source water, 

salinity, foulants and location of the plant. Due to these factors, both of these classes are 

significantly differentiated in developing of the processes and various technical issues. There 

are many pretreatment options which are identical in both classes of RO desalination and 

based on different constituents of the source of water that is used. Both of these seawater RO 

and brackish water RO are used worldwide now a days for many purposes like desalination 

of marine water for domestic and industrial usage as well as for pastoral communities. In 

coastal areas, RO plants can process marine water into freshwater for human beings at a very 
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reasonable cost. A lot of general and specific information is available on RO desalination 

[53]. 

 According to literature, the different characteristics like separation efficiency and 

fouling resistance are highly influenced by the surface properties of membrane like 

roughness, the hydrophilicity of the surface and charge of the reverse osmosis membrane. It 

seems that the anti-fouling characteristics of the RO membranes become very good if 

membranes have a smooth surface, the same charge as foulant and hydrophilic surface. So, 

new modifications and improvements in membrane surfaces via different physical and 

chemical methods are being done by the researchers [83]. 

 To enhance the working of polymeric membranes and ceramic membranes 

nanotechnology is being used via different methods. Isoporous polymeric membranes, 

aligned nanotube membranes, hybrid nanocomposite membranes and catalytic nanoparticle 

coated membranes are the most promising technologies in membranes to date. The 

performance of membranes was affected by water permeation ability and operational 

effectiveness, while commercial progress was based on projected or known costs of material 

and its compatibility to production infrastructure. In short, biologically inspired membranes 

are far away from commercial or industrial reality. However, performance can be enhanced 

by using commercially available nanocomposite membranes [84]. 

 Models to describe salt transport and water thorough RO membranes have developed 

and modified, however, solution diffusion model is used to develop reverse osmosis system 

due to its capability to calculate its accuracy in the performance of the various parameters. 

Many experimental works indicated that all the mathematical relationships derived for this 

model can be acknowledged and it demonstrates the reliability of the model. More work is 

required to develop molecular dynamic models for reverse osmosis membranes to be close 

possible to the actual case [85]. 

 Generally, membranes are classified into three basic categories including composite 

membranes, homogenous symmetric membranes and asymmetric membranes. Homogenous 

membranes, also known as symmetric membranes consisting of distributed pores throughout 

the structure of the membrane. While the structure of asymmetric membranes comprises of a 

supplementary layer on the support membrane which affects the permeation properties 

because the supportive layer contains larger pores which can increase flux. However, 

composite membranes composed of a blend of polymers. The applications of composite 

membranes and asymmetric membranes are growing day by day, because, their modifications 
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and functionalization can be varied according to the requirement. Both classes of membranes 

have an extra dense and active layer supported by a mechanically stable polymeric substrate. 

The active layer enhances salt rejection and selectivity of the membrane, while substrate layer 

provides strength and flux to the membrane [86]. 

Permeation flux and salt rejection of the membrane mainly depends upon the selection of the 

polymeric materials. The mechanical strength of the membrane can be increased using 

hydrophobic layers like polypropylene, polyethylene and polysulfone. The interfacial 

polymerization reaction can be used to make thin film composite membranes of polyamide 

making polysulfone as the basic composite structure to make contact with the surface using 

trimesoyl chloride [87]. 

 Since the early nineties, the other polymeric materials like PVDF, PVP etc are used 

to fabricate membranes. However, the significance of cellulose acetate due to its 

hydrophilicity, tolerable mechanical properties, low cost permeation properties, simple 

methods of fabrication and good film forming properties does not decrease. Although a wide 

range of polymeric materials is available. Due to the presence of hydroxyl groups formation 

of hydrogen bonding favors the hydrophilic nature of the membrane [88].  

 There are different types of membranes used, but the most effective membranes are 

polymeric membranes because these are multifunctional and can be used for various 

processes including MF, UF, RO, PV and fuel cell applications. Scientists are working on 

polymeric membranes to introduce novel characteristics according to their function and 

structure. Ceramic materials are used for membranes along with polymeric materials which 

provide greater mechanical and chemical stability [89]. 

 Green processes are demanded modifications due to the severe environmental 

regulations. Chitin and peptides are used as anti-microbial agents for the modification of the 

membranes. Due to the low cost, they are commonly recommended in developing countries. 

Peptides develop channels where bacteria are incorporated causing the osmotic collapse, 

resulting in the death of bacteria, resisting fouling. Chitosan is extracted from the shell of 

arthropods [90]. 

 Desalination process is in progress for more than 50 years. Many advancements 

have been made in this technique to make it reliable, efficient and economical. MSF 

desalination was the basic thermal technology which was used in the beginning of 

desalination. Now, multi effect evaporation is mostly used in all over the world. During the 

development of membrane technologies on an industrial scale, RO is a leading technology 
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because it is cost effective and its water purification cost is less than other technologies. 

However, further development is required to make it more efficient and economical [91]. 

 Reid and Breton [92], discussed that two mechanisms are involved in the mass 

transport through the cellulose acetate membrane. One is the alignment-type diffusion and the 

other is hole-type diffusion. In the first one, the molecules which can associate with the 

membrane by means of hydrogen bonding are transported through it, for example, water 

combined with the membrane, while in the later those molecules which cannot get attached 

by hydrogen bonding with the membrane such as salts are transported. As a result of this 

hole-type diffusion process, the salts get leaked through the membrane that‟s why it should 

be avoided. Currently most broadly accepted mechanism is the solution diffusion mechanism, 

favored by Lonsdale et al.1967 [93-95]  

 According to this model, both salt and water are sorbed in the membrane at one side, 

diffusion through the membrane takes place and then they are desorbed on the other end. 

Both diffusion and sorption coefficients are the unique values for the membrane material 

when they are completely perfect and non-porous. Any kind of imperfections that may arise 

due to the presence of pores will cause the leakage of the salt and therefore it should be 

avoided. 

 Sharples and Banks [96-98] also considered that the diffusive flow through the pore 

free layer on the membrane surface is the mechanism of the reverse osmosis. As per Michael 

et al.[99], molecular diffusion through polymer matrix is responsible for water transport 

while the transport of solute is by other parallel mechanisms involving activated diffusion, 

sorption and hydrodynamic flow.  

 According to Sherwood et al. [100], the parallel processes of diffusion and pore flow 

are responsible for the solute and water cross. Reverse osmosis process has also been 

considered in terms of non-equilibrium thermodynamics [101, 102]. In all of the above 

mentioned reverse osmosis models, except those in which requirement of any specific 

transport mechanism is not a necessity the pores are considered to be culprits which allow the 

leakage of the salts by making the membrane imperfect. Therefore, Sourirajan‟s PS-CF 

mechanism was in a direct collision against the ones that were accepted in the mid of 20
th

 

century and was considered as controversial [103]. 

 In the field of gas separation, ultrafiltration and per-evaporation, an advanced type of 

polymer-inorganic nanocomposite membranes have received much attention due to their 

remarkable properties; these membranes are also termed as mixed matrix membranes. They 

were formed by the inorganic particles uniformly dispersed in a polymer matrix. Due to a 
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combination of properties such as good selectivity, permeability, thermal and chemical 

stability and mechanical strength, these membranes present an interesting approach to 

improve the process of separation [104]. The performance and structure of nanocomposite 

membranes are generally based on chemical and physical properties of nanoparticles and 

polymer matrix. The function also depends on the method by which these nanoparticles are 

incorporated [105]. 

 The production of novel vibration assisted seawater desalination method which alters 

properties such as hydrodynamic and thermodynamic to diminish inorganic fouling of reverse 

osmosis membranes. Experimental measurements and classical mass transport model 

exhibited that when the velocity of cross-flow is increased in the channel of feed it increases 

the near membrane mass transfer coefficient, which supports the salt‟s back-diffusion with a 

reduced concentration polarization. A theoretical CP-Finite Element Method model 

integrating enlarged velocity of cross-flow discloses that a lower concentration polarization 

modulus forms near the surface of the membrane with a higher frequency of vibration 

resulting in lesser membrane fouling. This process of desalination was explained by a linear 

motor driven periodically vibrating desalination cell. A slighter weakening in the flux was 

witnessed when a frequency of higher vibration and velocity was used. Process imitations and 

experimental findings authenticated the planned vibration assisted desalination process helps 

increase the permeate flux and diminish inorganic fouling formation on the reverse osmosis 

membrane surface [106]. 

 The thin film nanocomposite RO membranes incorporated with hydrophilic 

nanoparticles have a potential problem that the salt rejection cannot be improved 

expressively. In the present study, a novel TFN RO membrane which was incorporated with 

hydrophilic fluorinated silica nanoparticles were fabricated to improve the salt rejection. 

Fluorinated silica nanoparticles were well distributed in organic phase during the method of 

interfacial polymerization (IP). These membranes were characterized with FTIR, atomic 

force microscopy, water contact angle measurements and field emission SEM. The conditions 

for preparation of TFN RO membranes, including IP reaction time, organic solvent removal 

time and fluorinated silica loading, were adjusted by characterizing desalination performance 

using 2000 ppm NaCl aqueous solution at 25 °C and 1.55 MPa. The rejection of salts 

increased considerably from 96 % to 98.6 % without fluorinated silica nanoparticles, while 

the water flux decreased from 0.99m
3
/m

2
/day to 0.93m

3
/m

2
/day marginally. The basic 

demonstration of this study was the potential use of hydrophilic nanoparticles in high 

performance TFN RO membranes [107]. 
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 Another promising way to increase the efficiency of membranes is a surface 

modification, in the present study an aromatic polyamide thin-film composite RO membrane 

was improved by progressive surface treating with an aqueous solution of glutaraldehyde 

trailed by an aqueous solution of polyvinyl-alcohol. Different tests such as SEM, AFM, ATR-

FTIR spectroscopy, contact angle, cross flow permeation and streaming potential were 

performed in order to examine the influence of modification on the membrane performance. 

It was explained that polyvinyl-alcohol molecules were covalently attached on the surface of 

the pristine membrane due to which both surface permeation and physico-chemical properties 

of the membrane can be changed. This type of attachment resulted in an improvement of the 

properties such as declined surface negative charge, better surface hydrophilicity, slightly 

increased surface roughness and it could also increase rejection of salt and flux of water at the 

same time. This alteration proved to be efficient in improving membrane‟s property 

antifouling to bovine serum albumin, dodecyl trimethyl ammonium bromide and sodium 

dodecyl sulfate foluants by improving the capability of anti-adsorption and stability of 

membrane chlorine through decreasing the sites of chlorination and inhibiting the chlorine 

attacks on underlying polyamide backbones. In addition to that this type of alteration could 

efficiently improve the rejection performance and antifouling property of the membranes in 

tertiary treatment of industrial waste [108]. 

 Much of the research is being done on the crosslinking performance of supposed 

“engineering plastics. Until now, the industrial alteration to real development of 

multifunctional electronic components has achieved increased significance in the plastic 

industry and will continue in the same fashion. Surface mounted devices (SMD) and 3-

dimensional molded interconnected devices (3D-MID) are examples of such technology. 

These methods require materials with greater short-term temperature stability. The focus is 

on the radiation crosslinking process for commercial and technical motives. The main 

subjects of focus are crosslinking behavior of Polyamide and Polybutylenterephthalate as 

well as the significance and challenges to irradiation industry, as well as practical 

applications [109]. 

 The hydrophilicity of membranes effects the transport of water by the membrane in 

the separations which are osmotically driven such as forward osmosis. In this study, a support 

layer of polysulfone commercially existing reverse osmosis membranes were coated with 

hydrophilic polyvinyl-alcohol in order to increase the rate of transport and hydrophilicity of 

water by a membrane. Previously coatings of polydopamine on the polysulfone support of 

RO membranes gave favorable results. In the following study more readily accessible 
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materials were explored precisely. The effects of two different polyvinyl-alcohol crosslinking 

agents‟ glutaraldehyde and maleic acid on the subsequent properties of the membrane and 

osmotic efficiency were studied. In case of seawater membranes, it was found that polyvinyl-

alcohol cross-linked to a limited degree of maleic acid generated substantial enhancement in 

flux of water in FO and RO systems, as related to membranes in which polyvinyl-alcohol is 

crosslinked by glutaraldehyde. Though membranes of brackish water did not show significant 

changes in the performance of membranes. By this study, it was concluded that the pores of 

the membrane of brackish water which were smaller become blocked and such effect were 

exaggerated by the deficiency of slight free volume present within polyvinyl alcohol which 

was highly crosslinked with glutaraldehyde [110]. 

 With the ever growing industry, a crucial problem for us is pollution and to make the 

world free of pollution. Radiation technology is at a significant position. Nuclear radiation, 

polymerization, curing and grafting which are important processes in the polymeric field and 

all of them can proceed with radiation methods. This type of expertise is mainly favored over 

other processes due to clean processes, large reactions, as well as the quality of the product, 

can be precise, energy saving as well as assets, computerization and human resources saving 

etc. In addition to that radiation is good sterilizing practice over other conventional practices. 

The irradiation of polymers can be valuable in numerous areas. However, the following study 

focus is mainly in four areas, i.e. textile, electrical, biomedical and membrane technology 

[111]. 

 The scarcity of water at global levels has called for considerations to create new and 

innovative technologies that can be used to provide sustainable solutions to the water crisis. 

One of the major advancement in recent times is the membrane based desalination processes 

to resolve global challenges. Currently, a number of membrane based desalination 

technologies have been installed worldwide for the production of clean water. However, the 

unavoidable membrane fouling issue has made the application of membrane limited for 

desalination. The membrane fouling is known as the major culprit for the elevated operating 

costs due to increased transmembrane pressure, deterioration of permeate flux and regular 

chemical cleaning which decrease the membrane‟s lifespan. The strategies applied for 

controlling the fouling encompasses the efforts made in the novel membrane development, 

membrane cleaning and feed water pretreatment are highlighted. The pros and cons of such 

techniques are discussed and reviewed on basis of a substantial number of up to date 

literature [112]. 
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 The scaling of reverse osmosis membranes can be prevented by using variety of 

methods, such as (i) acidification of feed water in order to reduce bicarbonate, (ii) scale 

inhibitor chemicals that can change chemical and physical nature of the depositor ions, (iii) 

by changing the operating condition of reverse osmosis membranes, (iv) softening with soda 

ash or lime which reacts with bicarbonate in the feed to yield CaCO3 slush [113, 114].  

 The use of antiscalants in reverse osmosis processes due to their effective prevention 

of scaling is termed very useful. These generally delay the formation of scales while allowing 

higher water recovery by stopping the growth of scales under supersaturated conditions. Reitz 

examined a number of such antiscalants for controlling the formation of scales by CaSO4, 

CaCO3 and SrSO4 in reverse osmosis systems and in the process found that these antiscalants 

were very effective for inhibiting CaCO3 precipitation. Pramanik, B.K., et al. reported that 

zinc ion was promising to diminish scaling in reverse osmosis processes. However, 

biofouling can be enhanced by many antiscalants used in reverse osmosis membranes as they 

contain nutrients such as phosphorous [115].  

 Moreover, the antiscalants containing phosphorous in the reverse osmosis concentrate 

can contribute to eutrophication of the receiving water bodies and subsequent bruises of algae 

which can be harmful. Most of the commercially available antiscalants are expensive and can 

increase the cost by approximately 10% of the total water treatment cost [116]. In such a 

scenario, the production of low-environment risk and cost effective antiscalants is required in 

order to improve the sustainability of reverse osmosis based purification processes of water. 

 Thin film composite membranes composed of polyamide have been governing the 

desalination process due to their stability and high performance properties, However, there 

are some limitations like fouling phenomena, high energy use and damage via chlorination 

process. Several methods have been employed on either upper active layer or sublayers to 

enhance the permeation flux with overcoming the fouling phenomena as well as the 

resistance to chlorination process. In the meantime, graphene oxide has developed as one of 

the most favorable material owing to its properties of high mechanical strength, hydrophilic 

character and ability to provide the fast water paths to pass through it. Therefore, the addition 

of graphene oxide has proved a new way to modify polyamide thin film composite 

membrane. As the graphene oxide has been widely employed as an additive to enhance 

performance properties. The study depicts the applicability of Graphene oxide, in both the 

upper layer and support layer and has been compared. Furthermore, the intuitions for the 

future research work has been provided accompanied by new prospective [117]. 
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 In literature, polyvinyl alcohol was used as a stable material for synthesis of base 

layer membranes, which was modified to synthesize RO membranes having good salt 

rejection. Some results of modified PVA membranes were also studied [118]. 

 The PVA is considered as a most promising polymer for water treatment application 

owing to its hydrophilic nature. But its swelling capacity becomes its limitation. In this study, 

the PVA swelling was controlled via blending with cellulose-networked cellulose. The 

varying weight percent of cellulose-networked cellulose was employed in prepared 

membranes. Thermal, structural and mechanical properties of the membrane were 

investigated. The 15 wt% of cellulose-networked cellulose showed optimal percentage.  The 

swelling capability of PVA was improved (340% to 150%).  The desalination test was 

conducted using 25,000 ppm solution at 24 bar pressure. The salt rejection up to 98.8% was 

observed [119]. 

 The compatibility of homogenous blends of chitosan and PVA was best described by 

the thermal stability of the blend. The rigidity and mechanical strength of the PVA were 

greatly increased by the addition of the chitosan. The thermal stability reduced the 

crystallinity. The addition of the chitosan to PVA reduced the transmission of UV light, 

related to the interaction of polymers, which could be used to provide antibacterial films 

[120]. 

 In literature, novel blends of PVA and chitosan were produced and cross linked 

chemically. The results showed that by changing the ratio of chitosan to PVA, using different 

amounts of crosslinker, the properties of hydrogels can be tailored. By increasing the 

concentration of chitosan relative to PVA a significant decline in the swelling properties of 

the system was observed. Due to the formation of the strong network, the tensile strength of 

the blend was enhanced. Moreover, all the blends proved to be biocompatible and nontoxic. 

The crosslinked blends of PVA and chitosan blends are used in RO membranes, biomaterials, 

drug delivery and tissue engineering [121]. 

 Hu et al. attached PVA molecules covalently at the surface of the commercial 

Polyamide membrane which leads in the improvement of surface hydrophilicity, lowering of 

negative charge on the surface, a somewhat slight enhancement of surface roughness and 

increasing membrane salt rejection ability. The PVA  modification was effective for 

enhancing antifouling features of membranes to sodium dodecyl sulfate and dodecyl 

trimethyl ammonium bromide by increasing anti-adsorption abilities and in improving 

membrane stability toward chlorine through lowering chlorination sites and avoiding the 

http://www.sciencedirect.com/science/article/pii/S0376738815303495#!
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underneath polyamide chain from an attack of chlorine. In addition to that, the modification 

may membrane rejection performance and antifouling ability in industrial effluent treatment 

effectively [122]. Dudchenko et al prepared CNTs/PVA composite ultrafiltration membranes. 

They found that prepared membranes showed good robustness, smoothness and reduced 

fouling behavior up to 51 percent [123]. 

 One of the commonly used coating matter for reverse osmosis membranes is 

Polyvinyl-alcohol in order to improve the surface properties but there are no efficient reports 

existing with respect to the chemistries and conditions of processes used for their fabrication. 

In the recent studies, Polyvinyl-alcohol coatings were fabricated on the external surfaces of 

the composite polyamide RO membranes. These coatings were processed in the hydrogel 

film as well as ultrathin absorbed film forms. After studying the processing conditions, such 

as the concentration of Polyvinyl-alcohol, parameters of crosslinking and relative humidity of 

curing environment, various properties such as relative tightness, hydrophilicity, morphology 

and surface charge were examined for the membranes. The outcomes showed that the 

membranes exhibited enhanced salts rejection as compared to the non-treated one with 

Polyvinyl-alcohol coating cured at high RH while showing a small decrease in the flux of 

water. These membranes showed good antifouling efficiency that is as good as the 

commercial membrane SW30 HR LE. The outcomes showed that high salt rejection and flux 

in composite membranes are produced due to the amalgamation of weak tightness and high 

hydrophilicity [124]. 

 The sulfonated-cardo-polyarylene-ether-sulfone copolymers were produced through 

post sulfonation of parent polymer. A number of RO membranes were acquired by 

sulfonated-cardo-polyarylene-ether-sulfone coating on spongy support membranes of 

polysulfone while changing the concentration of coating solutions. The outcomes obtained by 

SEM showed that the acquired RO membrane had even surface without any defect. In the 

meantime, the width of the functional layer attained from the SEM was in the scope of about 

300 to 400 nm. All membranes exhibited good water flux and enhanced rejection of salt. The 

salt rejection can be improved by adding formaldehyde-cross-linked polyvinyl alcohol as a 

secondary layer coated on the surface of sulfonated-cardo-polyarylene-ether-sulfone 

membrane and as a result of this layer, the NaCl rejection can be improved significantly. 

When compared with commercial Polyamide RO membrane, the composite membranes that 

are based on sulfonated-cardo-polyarylene-ether-sulfone exhibited excellent chlorine 

acceptance in RO operations [125]. 

http://www.sciencedirect.com/science/article/pii/S0376738814004177#!
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The polyvinylchloride/cellulose acetate (PVC/CA) membranes were prepared using phase 

inversion technique for seawater RO and its performance was investigated using Red Sea 

water. The performance of the membrane indicated that the prepared membranes were 

capable to work under high pressure. Any increase in feeding operating pressure led to an 

increase in permeate flux and rejection. These membranes were characterized using FTIR, 

SEM, mechanical properties and FTIR spectrophotometry and on these bases the best 

membrane for desalination was distinguished. According to these results, one prepared 

membrane was selected to run the performance test in the desalination unit and this 

membrane showed excellent performance and stability under different operations [126]. 

 Sulfonated polyvinyl alcohol (SPVA) was manufactured by esterification reaction of 

PVA and sulfuric acid and the structure was characterized by FTIR. After that a series of 

TFC membranes modified with cross-linked SPVA layer were fabricated by a coating 

method, cross-linker being glutaraldehyde. The resultant membranes were characterised by 

SEM, ATR-FTIR, XPS, AFM, static contact angle and streaming potential. The membranes 

modified with SPVA exhibited increased salt rejection and decreased water flux when SPVA 

content was increased in coating aqueous solutions. More than 99% salt rejection was 

exhibited by the optimal PA-SPVA-0.5 sample higher than the 98.32% of the virgin PA 

membrane. In addition to that, the PA-SPVA-0.5 membrane showed much more fouling 

resistance to CTAB and BSA than virgin PA membrane and TFC sample modified with 

PVA. This membrane lost about 8% of the initial flux after BSA fouling for 12 hours, which 

was much lower than virgin PA and PA-PVA-0.5 membranes having 28% and 15% 

respectively. Also 95% flux recovery of the PA-SPVA-0.5 could be obtained after cleaning. 

Hence the PA-SPVA-0.5 membranes were better for antifouling RO membrane desalination 

and purification [127].  

 Hybrid membranes of CA/TiO2 were synthesized using phase inversion method and 

nanoparticles of titanium dioxide were dispersed in casting solution of CA. Different 

concentrations of titanium nanoparticles were added to the casting solution. Scanning 

electron microscopy and thermos gravimetric analyzer were used to investigate the 

morphology and thermal stability of the membranes using titanium nanoparticles. Permeation 

flux and water content were also studied. SEM results indicated that incorporation of titanium 

nanoparticles made the membrane more porous. The interaction between CA and titanium 

nanoparticles was investigated through TGA results. Incorporation of titanium nanoparticles 

improved the thermal stability of membranes. Permeation water flux also increased due to the 

addition of titanium dioxide [128]. 
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 CA membranes were fabricated by phase inversion method. The addition of PEG and 

titanium dioxide nanoparticles into the casting solution altered the structure of the membrane 

in the phase inversion method. Influence of PEG as pore former and titanium dioxide 

nanoparticles on the synthesis of ultrafiltration membranes was studied by morphology, water 

content, permeation flux, thermal stability and fouling resistance. TiO2 improved the thermal 

stability and hydrophilicity of the polymeric membranes [129]. 

 Leob sourirajan fabricated asymmetric membranes by using CA for reverse 

osmosis to make a revolution in the separation field by the use of membranes [91]. 

 Han et al., prepared carboxymethyl cellulose acetate (CMCA)/cellulose acetate (CA) 

blended ultrafiltration (UF) membrane. The CA and CMCA blending caused improvement in 

ultrafiltration membrane properties including higher PWF along with large water content and 

low contact angle. The Bovine serum albumin (BSA) rejection ability of membrane was the 

UF experiments showed that modified membranes affect anti-fouling performance of 

membrane positively [130]. 

 In order to synthesize the CA membrane for RO process epically for brackish water, 

two main reaction process: homogenous and heterogeneous were applied. The membrane 

performance properties of CA membrane formed via acetylation from wood pulp was studied 

and evaluated against with purchase CA membrane. The influence of polypropylene addition 

in CA membranes was also observed. The data revealed that the synthesis of CA plays a vital 

role in perm selectivity of the membrane. The performance of the CA membrane formed via 

heterogeneous process is higher than formed via homogenous membranes. Also, the addition 

of 9% polypropylene provides a better result than homogenously prepared membranes [131]. 

 The CA membranes fabricated with the incorporation of CNT via phase inversion 

process having acetone used as a solvent medium and 20 wt% distilled water as a non-solvent 

media. The CNT was functionalized via strong acidic media to increase dispersion ability in a 

polymeric matrix.  The varying weight percent of CNT was employed to fabricate 

membranes. The membranes were elucidated using field emission electron microscope and 

nitrogen adsorption.  The increase in CNT concentration drops the macro voids formation 

confirmed via pore size analysis.  The desalination test was conducted using 1000 ppm salt 

solution. The flux was increased up to 54% with 6% decrease in salt rejection with lowest 

CNT incorporation. The further increase of CNT reduces the permeation flux along with drop 

in porosity and surface area [132]. 

 A new type of CA membrane was prepared by casting the solution of ultrafiltration 

support. The membrane having lowest thickness showed the poor result with 55% salt 

http://www.sciencedirect.com/science/article/pii/S0011916412005966#!
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rejection but high water permeability compared to a membrane formed in 4 °C temperature 

water bath. The CA membrane formed with thermal annealing and the addition of silver 

nanoparticles on surface by deduction process. The physical properties were studied through 

ellipsometry, X-ray scattering method and contact angle measurement. Then improved 

membrane showed 94% salt rejection with insignificant permeation drop. The addition of 

silver nanoparticles showed improve fouling phenomena up to four times [133]. 

 In literature zirconia and cellulose acetate, as blended constituents in N,N-Dimethyl 

formamide via phase inversion technique, was used to prepare organo-mineral membranes. 

The ultrafiltration performance of CA:ZrO2 membranes showed that in the casting solution, 

by increasing the concentration of zirconium dioxide the resistance of membrane was 

decreased and the pure water flux was increased. By decreasing the concentration of 

zirconium dioxide the mechanical stability of the CA: ZrO2 was increased; however by 

increasing more concentration of zirconium dioxide the mechanical stability of UF 

membranes was decreased. The morphological studies showed that by adding inorganic 

particles (zirconium dioxide) to the polymer (ccellulose acetate), the pore formation was also 

increased. By adding inorganic particles the anti-fouling property of the CA:ZrO2 hybrid 

membranes. By increasing the concentration of zirconium dioxide in the casting solution, the 

membrane fouling resistance was increased. The excellent flux recovery enhanced the 

recyclable potential of CA:ZrO2 hybrid membranes [134]. 

Reid proposed a report titled “Osmotic Membranes for demineralization” [135]. 

Cellulose acetate membranes were hand cast by Reid and his co-workers using acetone as 

solvent. The rejection of salts by these membranes was exaggerated but the flux was 

disappointingly low. The units used to express the flux were μL/cm
2
h due to low 

concentrations which make it deemed surplus to the requirements for practical applications. 

Later on heat treated cellulose diacetate membrane having asymmetric morphology was 

developed by Sourirajan and Loeb [136]. The membranes prepared by Reid showed lesser 

flux and rejection than those prepared by Sourirajan and Loeb [137]. In this way, the first 

practical reverse osmosis membrane was invented. In substitution to CDA the development 

of CTA membrane took place. These membranes showed more resistance to chemical, 

thermal and biological attacks surpassing the CDA membranes in capabilities. The issue of 

CTA being operational at high pressure was overcome by using both CDA and CTA together 

as a blend [138]. 
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 In recent years, naturally occurring polymers which are biodegradable, renewable and 

eco-friendly have gathered much attention regarding membrane technology. Cellulose acetate 

(CA) is a kind of natural thermoplastic polymer produced through esterification of cotton, 

recycled paper, bagasse and wood [139]. This naturally occurring polymer has the tendency 

for permeation of water and rejection of salts while improving the performance of membrane, 

its permselectivity and permeability when incorporated in polymers such as polyvinyl 

alcohol, polyethylene glycol, polyamide and polyvinyl pyrolidone etc. Another polymer 

named polyethylene glycol can reduce hydrophilicity and thermal stability in the membranes 

[140]. This polymer PEG-400 has low toxicity, which makes it an ideal additive for use in 

biochemical and biotechnological processes as well as in water purification industry [11]. 

 The fabrication of asymmetric membranes by Leob Sourirajan made cellulose 

acetate membranes revolutionized. Due to economical and simple fabrication techniques, CA 

membranes are widely used. Due to the wide range of pH and thermal stability, cellulose 

triacetate membranes are also fabricated. These membranes provide greater resistance 

towards degradation and fouling. The main drawback of cellulose triacetate membrane is the 

compaction which decreases the rate of flux. However, the blends of cellulose triacetate and 

cellulose diacetate enhanced the performance properties of the membranes. Other polymeric 

materials like polysulfone (PSF), polypropylene, polyamide etc. can be used for reverse 

osmosis membranes due to strong mechanical and thermal properties [141].  

 CA membranes are influenced by the bacterial attack which causes the biofouling 

of the membrane. This is the major problem in water purification processes bacteria use CA 

as a major constituent of their diet. However, disinfectants are used to resolve this problem. 

The interaction between the materials of the membrane plays a key role in the separation 

process. Permeation flux of the membrane depends upon the hydrophilicity. In recent studies, 

different membranes were synthesized by varying hydrophilicity to separate hydrophobic 

solute. The results showed a little change in the flux of hydrophilic membranes. Different 

hydrophobic membranes showed significant change [142]. 

 Two series of hyper branched polyester were prepared 2,2-bis(methylol)propionic 

acid and 1,1,1-trihydroxymethyl propane via a melt condensation method and were mixed 

with cellulose acetate via phase inversion process. SEM, TGA and DSC were used to 

characterize the membrane. FTIR and contact angle measurement evidenced the hyper 

branched poly ester addition and SEM images showed increased flux. The membrane showed 

high hydrophilic character with the addition of hyper branches poly ester than CA membrane. 

Moreover, the prepared membranes have low permeation flux and molecular weight cut off, 
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excellent thermal stability and high mechanical strength in contrast to a membrane formed 

through linear pore-forming agent [143]. 

 In literature, the influence of pore former on the morphological, equilibrium water 

content and permeation flux was identified. The addition of PEG enhanced the rate of 

exchange of pore former and non-solvent, ensuring the improvement in the formation of 

macrovoids. The experiments showed that the membrane fabricated by the addition of PEG 

pore forming agent increased performance. Hence, it can be used as a pore forming agent for 

permeation applications [144]. 

 For the treatment of municipal sewage, PEG 600 was added by a Loeb-Saurirajan 

phase inversion process into cellulosed acetate. N,N-Dimethyl formamide as a solvent, 

cellulose acetate as a polymer and PEG 600 as an additive was used.  The effect of 

concentration of PEG 600 (the additive) on the performance of membrane such as mechanical 

stability and permeation ability were studied. The results showed that by adding PEG 600 the 

efficacy of membrane was increased. By increasing the concentration of PEG 600 the pure 

water flux of membranes was increased. The permeability and the pore size was enhanced 

due to the addition of PEG 600 as compared to that of pristine CA membrane. [145]. 

 Ani Idris et al prepared polyether sulfone (PES) ultrafiltration membranes using 

different molecular weights of PEG as pore formers. The results showed that membrane with 

a higher molecular weight of PEG exhibited greater permeability of pure water along with 

large pore size. A noteworthy change was observed in pure water infusion, and flux on 

increasing PEG concentration in casting solution [146]. 

 Polyethylene glycol being a hydrophilic polymer is employed in reverse osmosis as 

a pore former to produce flexibility in the membrane. The hydrophilicity is due to the 

presence of double free electron pair on the oxygen atom. PEG is flexible in nature due to 

linearity in the structure of carbon, hydrogen and oxygen atom. PEG being hydrophilic in 

nature is mostly used for the modification of the membranes. PEG is non-biodegradable and 

nontoxic in nature [147]. 

 In literature, cellulose acetate polyethylene glycol-600 membranes, with different 

ratios were prepared by 2-stage phase inversion protocol. By subjecting membranes in 

indigenously fabricated reverse osmosis plant the properties of permeation were studied. The 

rejection of salts and flux were also determined. Out of these, the membrane with the highest 

salt rejection rate was selected for modification with chitosan.  These modified membranes 

were characterized for their compositional analysis, surface morphology and roughness, 
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antibacterial activity, permeation properties and membrane hydraulic resistance. FTIR spectra 

were used to determine the presence of the functional group. The salt rejection and membrane 

hydraulic resistance were significantly enhanced by chitosan. The modified membranes 

exhibited remarkable antibacterial properties. The images obtained by the atomic forced 

microscopy were helpful in observing the varying nature of nodules and interstices spaces 

while the scanning electron microscopy was helpful in elucidating the asymmetric surface 

morphology. The fusion of cellulose acetate membrane, incapacitated with polyethylene 

glycol and adapted with chitosan, provides an easy access towards the developing the 

maintainable chemistry[148]. 

 In literature chitosan using as a selective layer, composite nanofiltration membranes 

were synthesized. Polyacrylonitrile membrane as a supportive layer and mixture of anhydrite 

used as cross linker. The scanning electron microscope was used to characterize these 

membranes. Permeation flux, salt rejection and swelling behavior were studied. Both 

permeation flux and swelling in water declined while salt rejection enhanced by increasing 

concentration of anhydride in the mixture. The addition of crosslinking agent resulted in the 

contraction of pores and an increase in hydrophilicity. Also by increasing the concentration of 

feed, salt rejection was decreased, while it was not influenced by the flow rate of feed [149].  

 According to the literature, the inorganic fillers are incorporated into membrane 

structure by mixing with a solution or may be attached to the surface by using different 

techniques that are more developed [116]. Nowadays, the applications of nanomaterials in the 

water based industry are catalytic degradation, adsorptive removal of pollutants, desalination 

and disinfection or microbial control [150].  

 According to Wang et al. the dispersion of inorganic particles in the polymer matrix 

has been useful in the enhancement of membrane enactment. Certain inorganic nano-particles 

such as TiO2, ZrO2, CdS, Al2O3, ZnO, Fe3O4 and silica have been used to prepare polymeric 

membranes. The nanoparticles of titanium dioxide improve the permeability and antifouling 

properties that are why it has been studied many times in past years due to its properties such 

as resistivity, photo catalytic, innocuity and super hydrophilicity effects. As a result of these 

important properties, titanium dioxide nanoparticles have been applied for modification of the 

surface for several membranes [151]. 

 Kanagaraj et al investigated the antifouling properties of N-phthaloyl chitosan on poly 

(ether imide) ultrafiltration membranes. Results showed that addition of N-phthaloyl chitosan 

into PEI membrane resulted in an increase in hydrophilicity, pore size and reduction in salt 

http://www.sciencedirect.com/science/article/pii/S0169433214027810#!
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rejection and better antifouling properties. Thus, blending chitosan proved to play a vital role 

in the enhancement of UF membrane performance [152]. 

 Halloysite nanotubes have been used as nanofillers for reinforcement of different 

polymers. Dobrovol skaya et al. have described the physical characteristics of 

chitosan/chrysotile and HNTs composite. They have noted that addition of HNTs improved 

the mechanical strength of chitosan based composite. Silva et al prepared halloysite 

nanotubes based chitosan composite membranes. They concluded that and tensile strength 

and Young‟s modulus of the nanocomposite, improved by 34%, and 21%  [153]. 

  Reverchon et al synthesized TiO2 particles (70–110 nm) by the titanium 

tetraisopropoxide (TTIP) hydrolysis in a supercritical carbon dioxide system. Wu et al 

prepared TiO2 particles (2–7 nm) following the same method along with some modifications. 

TiO2 catalysts with high surface area (250 to 460 m
2
/g) and small-sized anatase crystals (5–7 

nm) were developed by Ouzzine et al using a new sol-gel. Yang  et al prepared PSF and 

TiO2 membranes noted variances in porosities, morphologies, and characteristics because of 

the addition of TiO2 nano filler. The prepared membranes showed outstanding water 

permeation, hydrophilicity, mechanical firmness and better anti-fouling capability [154]. 

 Razmjou et al prepared TiO2 nanoparticles based polymeric ultrafiltration membranes 

and investigated the effects of nano-sized TiO2 on structure, the surface morphology and 

fouling performance of prepared membranes. Their results showed improvements in fouling 

performance and mechanical strength of prepared membranes [155].  

 Hamid et al synthesized polysulfone/titanium dioxide (PSF/TiO2) ultrafiltration 

membranes and investigated the membranes properties. The main reason for introducing 

titanium oxide into the polymer was to improve the antifouling properties of prepared 

membranes. They have concluded that addition of TiO2 resulted in excellency in mitigating 

fouling especially in lowering the fouling resistances [156]. 

 Biofouling can be inhibited by modifying the surfaces of the membrane. Clays, 

biopolymers and metals can be added to inhibit biofouling by making the surface smooth and 

hydrophilic. Titanium, silver and zinc oxide particles are commonly used as modifying 

materials. Bacterial activity can be reduced by using fullerenes as microbial agents. Carbon 

nanotubes can be used as anti-bacterial agents but it is very difficult to disperse them [157]. 

 In recent times, HNTs have also attracted great interests in membrane modification 

field, which are used in the preparation of composite membranes as additives [158-160]. 

Many results showed that HNTs contributed in the improvement of certain properties such as 

hydrophilicity and anti-fouling property of membranes. In addition to these changes, some of 

http://www.sciencedirect.com/science/article/pii/S0376738806007587#!
http://www.sciencedirect.com/science/article/pii/S037673881000788X#!
http://www.sciencedirect.com/science/article/pii/S0011916411000075#!
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the researchers prepared charged loose nano-filtration membranes by blending HNTs into 

casting solution [161, 162]. The advantages of nanofiltration separation technology and 

nanoparticles HNTs can be combined with the membranes which unveiled good segregation 

for salts, low-molecular-weight organics and heavy metal in the water which is not desirable. 

However, a major drawback of using HNTs is that they are prone to aggregate membrane 

matrix which must have to be overcome [163]. 

 According to recent studies, the integration of additives like titania(TiO2), zirconia 

(ZrO2), silica (SiO2), alumina(Al2O3) and carbon nanotubes (CNTs) into the polymer matrix 

can improve the mechanical strength as well as thermal stability of the membranes [164-166]. 

By incorporating inorganic materials into membranes operations can be done in a more 

convenient way with mild conditions and stable operations. Nano-Titania, when used as an 

active nano-material, has many advantages, such as UV resistance, super hydrophilicity, 

innocuity and resisting and decomposing bacteria. Therefore it is not only applied to 

overcome a variety of environmental problems but also being used for air and water 

purification [167]. 

 The porous reduced graphene oxide (PRGO) was acquired by creating pores on 

grapheme oxide layers. Halloysite nanotubes, modified by poly sodium-p-styrene-sulfonate 

were used to increase the interlayer spacing of PRGO. These two materials were immobilized 

on the membrane surface through a facile solvent evaporation method which is time saving. 

The structure thus formed through this process offers added constant pathway for water and 

salts, which improves the permeability of water through the composite membranes. 

Comprehensive characterization of the materials was done by Raman, TEM, FTIR, XRD and 

EDS while composite membranes were categorized by EDS, SEM and FTIR. These type of 

membranes exhibited higher separation effect for salts and dye. Also, pure water permeation 

of composite membranes could reach a high limit, therefore the hybrid membranes which are 

graphene-based presented a potential application in the field of separation of dyes and salts 

[168]. 

 Mono-dispersed MCM-48 spherical particles having meso-structure of three 

dimensional cubic type were amalgamated and used as nano-fillers scattered in the 

organic/aqueous phase to make thin film nanocomposite membranes by interfacial 

polymerization of trimesoyl chloride and m-phenylenediamine. When SEM and TEM 

pictures of isolated polyamide active layer were taken they confirmed that Monodispersed 

spherical nano-particles were fixed throughout the isolated polyamide layer with distribution 

in the aqueous phase after that the flux of water was determined at 16 bar with 2000 ppm 
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NaCl solution. The results showed that as the Monodispersed spherical content was increased 

in organic phase the flux of water increased progressively without affecting the salt rejection 

considerably (>95%). Whereas the increase in Monodispersed spherical content in the 

aqueous phase considerably affected the rejection of salts which was decreased. The results 

showed that lower amount of Monodispersed spherical particles can be used in aqueous phase 

rather than in organic phase for having the same kind of efficiency. Similar long term 

durability is exhibited by two kinds of thin film nanocomposite membranes which approves 

that Monodispersed spherical particles can reside firmly in the thin film nanocomposite 

membranes by scattering in both aqueous and organic phases [169]. 

 The current work includes the formation of polyamide 6/chitosan membranes with 

varying the preparatory conditions and their influence on the properties of the fabricated 

membrane. Moreover, the assessment of prepared membrane has been done. After the 

preparation, the membranes structural morphology was studied followed by testing for the 

desalination process under varying conditions to find out structure to property connection. 

The conducted result data has revealed that the permeation has increased with the increase of 

pressure. This might be due to the addition of chitosan in the polyamide membrane thus 

increasing the hydrophilicity. The coefficient of hydraulic permeability was not stable a,s it 

changes with a change in pressure [170]. 

 The addition of CNT in polyamide membrane has been widely employed in reverse 

osmosis field due to high water flux it provides. The research thus assessed the surface 

characteristics and perm selectivity along with fouling study of the prepared membrane. The 

resultant membrane has exhibited the 30% increase in water flux as reduced the energy 

consumption. The formation of the smoother surface provides less active sites thus 

responsible for reduced fouling process. The overall data showed that CNT based polyamide 

membrane shown high performance properties for RO process [171]. 

 The incorporation of nanoparticles in membrane technology is one of the most 

favorable ways to improve membrane performance properties. Such nanoparticle membrane 

provides better properties compared to the other counter parts without a decline in salt 

rejection and bacterial resistivity. Polyamide membrane with varying content of nanoparticle 

is prepared through interfacial polymerization. Membrane morphology was tested before and 

after testing. Membrane showed high selectivity. The highest zeolite weight percent 

membrane flux is up to 5.3 ± 0.5 μm MPa
− 1

 s
− 1

 with solute selectivity up to 97.9 ± 0.1% 

[172]. 
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 In this study, RO membrane was prepared via interfacial polymerization of trimesoyl 

chloride and m-phenylenediamine monomer with the addition of reduced graphene oxide/ 

TiO2nanocomposite in its polyamide layer to enhance the membrane performance, 

antifouling property and chlorine resistance. SEM images revealed rough surface having 

valleys and ridges. The contact angle values improved hydrophilic character and the presence 

of negative charge on the surface.  The 0.02 wt% O/TiO2 showed better results with 99.45 % 

rejection rate. The chlorination resistance showed 3 % decreased in it that confirmed superior 

performance [173]. 

 In this study, the use of the Polyvinyl Alcohol (PVA), improve the hydrophilicity 

between PVDF thin film composite (TFC) forward osmosis membrane (FO) of water 

treatment. PVDF fiber carries impregnation coating. The adoption of several characterization 

techniques to assess the PVA made of PVDF carrier patterns and physical performance, as 

well as the use of a laboratory-scale RO membrane unit to assess the performance of the flux. 

The PVA modified TFC RO membranes showed hydrophilic nature and the porosity and 

mechanical strength. RO performance tests indicate that the PVA modified TFC RO film has 

excellent throughput performance (using 1 M NaCl and DI water as a feed and feed solution 

LMH 34.2) [174]. 

 Polyvinyl Alcohol (PVA), sodium alginate (SA) and chitosan (CH) is a biodegradable 

material with excellent performance in a film. The study prepared to PVA-CH film as the 

outer and inner layer of the SA film as a double-layer coatings. The analysis was performed 

for the double-layer film, taking into account water-soluble, water resistance, mechanical and 

anti-bacterial performance. The results show that the double membrane water vapor through 

rate (WVP) is lower than single layer coatings. The increase in the SA content double 

membrane mechanical properties significantly increased (p =0.05), when the SA content from 

1 percent to 2 percent, the tensile strength (TS) increased 1.8 times. Calcium Chloride 

reduces the film solubility, Tween 80 reduced to film the surface tension of the solution. In 

addition, the coating reduces weight loss and stored at 25°C for 15 days period, the name of 

the shell eggs and egg yolk index and, in particular, double coated [175]. 

 It is well known that the pathogenic multi-drug resistant organisms highly distributed 

and through contaminated food and water to the human body. It has developed the use of 

synthetic nanomaterial particles to control these microorganisms in cutting-edge technology. 

In this study, the biological synthesis of silver nano-particles was prepared, and the 

recruitment and consolidation with both synthetic and natural polymers. Use the SEM and 

FTIR and with/without silver nano polymer composite membrane showed the mechanical 
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nature to characterize Polymer - Silver nanometer particles. The pathogenic bacteria and 

yeast are to 10 different antibiotic resistance of the test. In this study, the results obtained 

confirmed that the use of safe doses of Nanomaterials can replace biological antibiotics and is 

used for water treatment chemicals. In addition, this study, the use of the Pearl particles in the 

antimicrobial capacity of water treatment station can be used in the long-term, and at the end 

of the run, it's easy to collect [176]. 

 Glutaraldehyde as a crosslinking agent used to produce chitosan (CH)/Polyvinyl 

Alcohol (PVA) water gel and CH/PVA/ZnO nanometer composite material. The Fourier 

transform Infrared spectroscopy (FTIR) and scanning electron microscope (SEM) studies of 

the CH and CH/PVA and CH/PVA/ZnO structures were performed. The study shows that it 

impacts the soluble polymer, swelling performance factors, including cross-linking agent, 

Temperature, PH value, and the soak time. In the synthesis of the hydrogel the performance, 

including the mechanical properties and thermal stability properties were analyzed. The 

CH/PVA polymer showed higher antimicrobial activity than the usual erythromycin and the 

ZnO nano-composite materials [177]. 
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Chapter    3 

3 Experimental and Characterization 

 Chapter 3 describes the detailed description of the chemicals and experimental 

methods to fabricate PVA and chitosan based and cellulose acetate based polymeric 

membranes for reverse osmosis (RO) desalination process. The study was conducted using 

sea water and brackish water concentration. The experiments were conducted using 

dissolution casting method for the fabrication of membranes. 

3.1 Dissolution casting method 

 Development and performance characteristics of silane crosslinked poly(vinyl 

alcohol)/chitosan membranes for reverse osmosis. 

Cellulose acetate based thin film nanocomposite reverse osmosis membrane 

incorporated with TiO2 nanoparticles for improved performance. 

Radiation grafting of VGCNFs on cellulose acetate @ Halloysite nanotubes matrix 

membrane for MgSO4 rejection. 

 The characterization techniques employed for the analysis of functional groups, 

thermal, structural, morphological, topographical, degradation, water content, permeation 

flux and salt rejection studies were  fourier transform infrared spectroscopy  (FTIR), 

differential scanning calorimetry/ thermogravimetric analysis (DSC/TGA), X-ray diffraction 

(XRD), scanning electron microscopy (SEM), atomic  force  microscopy  (AFM),  water  

content  analysis (WC), and dead end filtration assembly respectively. 

3.2 Materials 

 Chitosan with average molecular weight 1‒3×10
5 

g/mol was obtained from ACROS 

Organics. PVA (Mw =1.3×10
5 

g/mol) and tetraethylorthosilicate (TEOS) were bought from 

Sigma Aldrich. Acetic acid, (CH3COOH), was provided by Merck Co. (Darmstadt, 

Germany). Ethanol was procured from BDH chemicals Ltd. CA of analytical grade with 39 to 

40.3 % acetyl content was obtained from DAE JUNG Chemicals & Metals Co., Ltd (Korea). 

PEG with an average molecular weight of 400 g/mol, used as an additive was obtained from 

Fluka. N,N-dimethyl  formamide (DMF) (99 %) was obtained from Riedel-deHaën. Titanium  

dioxide (Particle size <25 nm) was acquired from Sigma Aldrich. All the chemicals were of 
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analytical grade and used without further purification. 

3.2.1 Cellulose acetate (CA)  

 Natural polymers are employed in different areas like complex carbohydrate polymers 

comprising of two or more monosaccharide repeating units connected by glycosidic linkages 

are called polysaccharides [178, 179]. The physical and chemical properties of 

polysaccharides affected by the significant molecular structures are the presence of polar 

functional groups, high molecular weights and relatively rigid backbones [180]. Cellulose is 

amongst the most copious natural polymers having alluring properties, for example, 

biodegradability, non-toxicity, chemical resistance and thermal stability along with reactive 

functional groups [181]. The ester form of cellulose (CA) is extensively studied for many 

applications including RO, ultrafiltration and microfiltration [182, 183]. Hence, CA 

membranes are mostly used for numerous separation applications due to some valuable 

features such as low prices, adequate chlorine resistance and good biocompatibility [88]. 

CA is used as a film base in photography, for different types of coatings, and eye glasses 

frames in the manufacturing of cigarette filters and playing cards. It has a lustrous smooth 

and satiny texture which makes it alternative of silk. It has no allergenic potential 

(hypoallergenic) [184]. 

 

Fig. 3.1 Structure of Cellulose Acetate 

 The cellulose acetate is allowed to dissolve in acetone into a viscous resin for 

extrusion process by spinnerets. On emerging filaments, the evaporation of the solvent is 

carried out in warm air and then by dry spinning fine cellulose acetate fibers are developed. 

In the start it was believed that CA is non-biodegradable, however, now cellulase enzymes 

are used for polymer chain CA degradation. In biologically highly active soil, 4–9 months are 

required for complete CA fibers degradation. 

3.2.2 Poly (vinyl alcohol) (PVA) 

 Poly (vinyl alcohol) (PVA) is an odorless, non-toxic, lustrous, cream or white colored 

water-soluble polymer with formula [CH2CH(OH)]n. It eagerly reacts with various cross-

linking agents to produce a gel. The melting point of PVA is 180–190 °C and 230 °C and for 
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partially hydrolyzed and fully hydrolyzed grades, respectively. It decomposes rapidly more 

than 200 °C as at high temperatures results in pyrolysis [185].  

 

Fig. 3.2 Structure of Poly (vinyl alcohol) 

 It is biodegradable as well as biocompatible. It is widely used in many applications 

such as in medical, packaging and cosmetic. It is used in the synthesis of various polymers 

such as polyvinylformal (PVF) and Polyvinylbutyral (PVB) by reaction with aldehydes, 

butyraldehyde and formaldehyde, respectively. Polyvinyl Alcohol based films are used for 

the compounds which dehydrate alcohol, particularly for the C2H5OH-H2O azeotropy. It can 

effectively reduce the methanol crossover and thus can be utilized in methanol reaction 

applications. PVA shows exceptional film forming ability, adhesive formation and 

emulsifying properties. It also shows resistance toward grease, oil, and solvents. Moreover, 

PVA has high tensile strength and flexibility along with aroma and high oxygen and barrier 

characteristics. However, these are humidity dependent properties as higher humidity results 

in more water absorption. It absorbs water then lowers its tensile strength [186-188]. 

3.2.3 Chitosan (CS) 

 Chitosan (CS), a derivative of biopolymer chitin, is one of the mostly used 

polysaccharide. Its wide technological applications are due to its distinct biological and 

physical properties like low toxicity, biodegradability, hemostatic potential and relatively 

facile modification [189-191]. It is a natural hydrophilic biopolymer and has been used as a 

membrane material for RO membranes [192]. It is preferred due to its natural occurrence, 

high abundance, chemical resistance, the good membrane forming characteristics, adequate 

mechanical strength and ease of handling [193]. 

 Chitosan (CS) is favorable material for membrane fabrication. It is obtained by partial 

deacetylation of chitin the second most abundant polysaccharide comprising of glucosamine 

and N-acetyl glucosamine residues [194].  The pKa value of amino group in chitosan ~6.5, 

which results in protonation of CS in the presence of an acidic or neutral solution. This 

enables chitosan to be soluble in water and bio based binders which rapidly adheres to 

surface with a negative charge. Its solubility in dilute organic acids permits for gel formation. 
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Chitosan increases the conveyance of charged medications across the upper skin layer and in 

bio based material application. 

 

Fig. 3.3 Structure of Chitosan 

 Chitosan is used in the synthesis of nanomaterials, edible coatings, and bio adhesives. 

Chitosan and its other derivatives including trimethylchitosan have been applied in gene 

delivery. Trimethylchitosan has been used for transfection of breast cancer cells. Chitosan 

tablets are available is market as a fat binder. It is used in gene delivery such as RNA 

delivery, because of its ability to generate stable complexes with genes by electrostatic 

interactions among amino groups (positively charged) of CS and nucleic acids (negatively 

charged). CS is considered as an ideal vehicle for drug delivery because of its 

biocompatibility, negligible immunogenicity, biodegradability, and its capability to open 

cellular tight junctions.  

3.2.4 Vapor-grown carbon fibers (VGCFs) 

 Vapor-grown carbon fibers (VGCFs) have been prepared via decomposition of 

hydrocarbon feedstock (benzene, methane), using a catalyst (transition metal) at 1000–

13008°C. By utilizing this promising means, favored aligned graphitic basal planes and low 

cost VSFs have been produced [195]. 

 The floating reactant method has been used to produce VGCFs having fiber with 

fixed axis and annular ring which gives rise to outstanding mechanical characteristics, 

excellent electrical conductivity and thermal stability. The production method and post-

treatment procedure define actually the dimensional, structural and all characteristics of 

prepared VGCNF. They possess larger diameters than CNTs while the length is similar to 

that of CNTs. They have 50–200 nm diameter and up to 100 µm length [196]. 

 VGCNF have been developed to overcome both the need for fouling resistant and 

high performance membrane due to the fast transport of molecules of water and antibacterial 

property of VGCNF [197, 198]. Among different additives, VGCNF could be promising 

filler for the fabrication of useful desalination for engineering osmosis application due to its 

similarity to CNTs as an adsorbent, thermal, mechanical, chemical stability and permeation 
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properties. An exclusively dispersed VGCNF provide excellent interfacial adhesion between 

the chains of the polymer [199]. 

 The specific properties of attention are their greater aspect ratio and very low volume 

density (0.02–0.07g/cm) and the most favorable and a very low amount of ash contents, and 

an extraordinary resistance toward oxidation is also desirable.  The major applications of 

VGCNF including, use in sensors and as a filler in membrane synthesis and in the automotive 

industry. Moreover, it could be a worthy alternative  for carbon fibers for different 

applications [200]. 

3.2.5 Halloysite Nanotubes (HNTs) 

 Nanosized tubular halloysite is the prevailing type of halloysite occurring naturally 

also termed as halloysite nanotube (HNT). It was first designated by Berthier (1826) as a 

dioctahedral clay mineral with 1:1 of the kaolin. It has a tubular framework with multilayers 

developed from the wrapping of layers in the presence of facilitating geological 

circumstances. HNT has a structural formula of Al2 (OH)4 Si2O5·nH2O. [201]. Halloysite 

nanotubes (HNTs) also known as alumina-silicates available in the market obtained from 

natural and biocompatible resources are mostly used to make TFN membrane due to their 

distinctive chemical properties and structure. HNTs exhibit a dual functionality in the form of 

charge properties, siloxane groups (Si−O−Si) present in the outer layer of HNTs has a 

negative charge while in the internal tube wall of HNTs there is a positive charge due to the 

presence of hydroxyl groups (Al−OH) [202].  

 

Fig. 3.4 Structure of Halloysite Nanotubes 

 Due to this dual functionality HNTs are applicable in the treatment of water. They can 

be easily dispersed in a polymer matrix due to their exceptional crystal structure tubular 

shape and small density of −OH groups. HNTs have numerous external and inside chemical 

properties, sufficient hydroxyl groups on their surface, and are more economical achievable 

as compared to carbon nanotubes (CNTs) [203]. HNTs can be utilized for adsorption, 

catalysis and particularly for the development of hybrid materials along with new 

functionalities and compositions [204]. Different practices are used to bring various 
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functionalities including hydrophilic and hydrophobic character controllability and selectivity 

by separate modifications. The high-temperature-resistant feature of HNTs is used for the 

production of advanced ceramics with desired features [153, 205]. 

3.2.6 Titanium dioxide (TiO2) 

 Titanium dioxide (TiO2) is a natural well-known mineral occurring in the form of 

rutile, brookite, and anatase. TiO2 has a large surface area and possess tunable pore size (2-50 

nm), which in turn increases the number of active sites at TiO2. Due to these properties, TiO2 

has attracted the attention of researchers during the last few years at a large scale. It is an 

excellent semiconductor material, and various synthetic methods have been used to exploit its 

outstanding properties [206, 207]. The most important application including use in varnishes, 

paints, plastics, and paper which are responsible for about 80% of the world's titanium 

dioxide usage. Other applications related to printing, fibers, foodstuffs, rubber and cosmetic 

products make 8% use. The rest is used for manufacturing of glass and glass ceramics, 

electric conductors, electrical ceramics, chemical intermediates and catalysts. TiO2 white 

(pigment) is utilized for its efficient visible light scattering and delivering brightness, 

whiteness, and high opacity by incorporation within the plastics. The UV light energy 

absorption capability of titanium dioxide can provide a noteworthy enhancement in the 

durability and weather capability of polymeric materials[208]. In addition to that 

TiO2 nanoparticles have been used in the development of membranes for different application 

such as RO and Ultrafiltration [209].  

3.2.7 Polyethylene glycol (PEG) 

 PEG-400 is used as pore former in the fabrication of membranes. When an 

appropriate amount of PEG-400 is added in a membrane forming solution the inter 

connectivity of the pores is enhanced and the viscosity of the polymeric solution is also 

increased. PEG-400 is also used to suppress the macro voids and increase the hydrophilicity 

of the membrane. When a large amount of additive and non-solvent are added in the casting 

solution sponge like structures are obtained. PEG-600 is also used in CA based membranes to 

a limited extent for the permeation of water. Additive concentration affects the porosity and 

pore size of the membrane. PEG being hydrophilic in nature is used to improve the selectivity 

of the membrane [210]. PEG-400 is clear, viscous and colorless mostly. PEG is considered as 

a biologically safe and inert polymer. Polyethylene glycol is used in skin products and body 

lotions (reacted with glycerin) and toothpaste. It is also consumed as adhesive for the 

synthesis of mechanical ceramics.  
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Fig. 3.5 Structure of Polyethylene glycol 

3.2.8 Tetraethyl orthosilicate (TEOS) 

 Tetraethyl orthosilicate (TEOS), a colorless liquid with formula Si(OC2H5)4. It gets 

degrade in water. It is a tetrahedral molecule and is synthesized by alcoholysis of silicon 

tetrachloride. [211]. 

 

Fig. 4.6 Hydrolysis of TEOS 

 It is also used as a silicon dioxide precursor in the semiconductor industry.it addition 

to that it is also utilized as the silica source for zeolites preparation and many other uses such 

coatings and for production of aerogel [212]. The major application of TEOS is the 

crosslinking of polymers to make them stable. Crosslinking with TEOS increases thermal, 

mechanical and dimensional properties of resultant membranes [213, 214]. The crosslinking 

of copolymers results in a reduction of high swelling of polymers. Such kinds of membranes 

are utilized to separate different organic compounds from water by pervaporation, where 

separation occurs on the basis of the difference in polarity. The high swelling character can 

also be countered through the formation of the active PVA inside the pores of the membrane, 

and can practice for removal of salt [215]. 

3.3 Experimental Methodology 

3.3.1 Development and performance characteristics of silane crosslinked poly(vinyl 

alcohol)/chitosan membranes for reverse osmosis  

 Chitosan (1 g) was dissolved in 30 mL of 2 % aqueous solution of acetic acid under 

constant stirring at 65 °C for 2 h. PVA (4 g) was dissolved in 50 mL distilled water at 90 °C. 

The two solutions were blended under constant stirring at 65 °C for 2 h so that a clear 

solution was obtained. To study the effect of crosslinker, different concentrations (Table 3.1) 

of TEOS (in 5 mL ethanol to get silanol) was added drop wise in each solution. After 4 h 
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blending, the blended solution was placed in a vacuum to remove bubbles and finally poured 

on petri dishes. After drying, the films were dried under vacuum. The proposed interactions 

in the developed PVA/CS/TEOS membrane are given in scheme I. 

Table 3.1. Codes for membrane samples with their compositions. 

Sample code Poly (vinyl alcohol) (wt%) Chitosan (wt%) TEOS (µL) 

PVCS 80 20 0 

PVCS-1 80 20 100 

PVCS-2 80 20 200 

PVCS-3 80 20 300 

PVCS-4 80 20 400 

PVCS-5 80 20 500 

 

 

Scheme I: Proposed scheme for novel crosslinked PVA/CS membranes. 
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3.3.2 Cellulose acetate based thin film nanocomposite reverse osmosis membrane 

incorporated with TiO2 nanoparticles for improved performance 

3.3.2.1 Fabrication of polymeric membranes  

 Six polymeric solutions of CA/PEG-400 with different concentrations were prepared 

using solution casting method. 10 g of CA was dissolved in 100 mL of DMF solvent with 

continuous stirring at 70 °C for 2 h so that a clear solution was obtained. The varying blend 

compositions (w/w) of CA/PEG-400 (50/50, 60/40, 70/30, 80/20 and 90/10) were prepared 

and labeled as shown in Table 3.2. All the solutions were cooled at room temperature for 1 h 

and vacuum was applied to remove micro bubbles. Equal volumes of these solutions were put 

into petri dishes and placed in an oven at 50 °C to evaporate the solvent. After complete 

drying, the thin film nanocomposite membranes were peeled off and tested on RO plant. The 

membrane CP-2 of CA/PEG-400 (80/20) was selected for further modification with TiO2 

nanoparticles on the basis of maximum salt rejection (76.1%) compared to other polymeric 

membranes as shown in Table 1.  

Table 3.2. Effect of concentration of CA/PEG-400 on permeation flux and salt rejection. 

Membrane Type CA/PEG400 Permeation Flux (L/m
2
h) Salt Rejection (%) 

     CP-1 90/10 0.39 74 

CP-2 (Control) 80/20 0.42 76.1 

     CP-3 70/30 0.51 68 

     CP-4 60/40 0.83 62 

     CP-5 50/50 1.21 54 

 

Five different concentrations of TiO2 nanoparticles (0-25 %) in DMF were prepared by 

stirring for 1 h and sonicated using ultrasonic bath for 2 h at 25 °C to make homogeneous 

dispersions which were then added into above selected CP-2 solution and continuously stirred 

at 70
 
°C for 2 h. The TiO2 modified solutions were named as CPT-1 (5 % TiO2), CPT-2 (10 

% TiO2), CPT-3 (15 % TiO2), CPT-4 (20 % TiO2) and CPT-5 (25 % TiO2), respectively. 

After cooling and removing microbubbles, equal volumes of modified solutions were 

transferred to petri dishes to maintain uniform thickness of the thin film nanocomposite 

membranes and placed in an oven for complete drying. TiO2 modified membranes were 

removed from the petri dishes. The scheme II indicates the interaction between polymeric 

chains with TiO2 nanoparticles. 
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Scheme II: The proposed scheme for novel modified CA/PEG-400 membranes. 

3.3.3 Radiation grafting of VGCNFs on cellulose acetate @ Halloysite nanotubes 

matrix membrane for MgSO4 rejection. 

3.3.3.1 Development of polymeric membranes 

 Six polymeric solutions of cellulose acetate/halloysite nanotubes with different 

concentrations were prepared by dissolution casting methodology. Each polymer solution 

was prepared by dissolving CA in 25 mL DMF solvent and dispersed HNTs in slurry form 

into it. The ratio of CA and HNT (w/w) were 90/10, 80/20, 70/30, 60/40 and 50/50 as shown 

in Table 3.3. The constant stirring at 60 °C for 1 h was maintained for each solution. All the 

six solutions were settled down at room temperature for 1 h and bubbles were removed by 

applying the vacuum. These solutions were put into petri dishes and placed overnight in an 

oven for drying at 50 °C. After drying, the CA/HNT membranes were peeled off and were 

tested on RO plant for MgSO4 salt rejection. CA/HNT4 membrane was then selected among 

the other membranes for the irradiation grafting with VGCNF on the basis of maximum (68.4 

%) MgSO4 rejection as shown in Table 3.3. 
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Table3.3. Permeation flux and salt rejection of CA/ HNT membranes 

Membrane Type CA/ HNT 

(w/w) 

Permeation Flux 

(L/m
2
h) 

Salt Rejection 

(%) 

CA/HNT1 90/10 4.7 62 

CA/HNT2 80/20 5.17 65 

CA/HNT3 70/30 5.33 66 

CA/HNT4 60/40 5.67 68 

CA/HNT5 50/50 5.5 65 

 

 

Fig 3.7. The block diagram for the novel modified CA/HNT membranes. 

3.3.3.2 Irradiation grafting of VGCNF onto CA/HNTs 

 CA/HNT4 membranes were cut into 5x5 cm
2
 size pieces and then washed with 

methanol and dried in an oven at 50 °C for an hour. Each dried membrane with known weight 

was kept and sealed in a polyethylene bag under vacuum. The membrane was then subjected 

to the electron beam irradiating by the universal accelerator (NHV-Nissin High Voltage, EPS 

3000, Cockroft Walton type, Japan). It was operated at an acceleration voltage of 2MeV, 

10kGy per pass and beam current of 2 mA. The grafting was done by employing the 

irradiated sample in an evacuated vessel that contains oxygen free grafting solution. The 
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solution was composed of ethanol containing VGCNF at an ambient temperature. The 

VGCNF concentrations were adjusted by taking the total volume of the grafting solution into 

account and maintained in the range of 0-5 vol%. 

 The membranes were removed after the completion of the grafting process. Whereas, 

the degree of grafting (DG %) was calculated using the equation (3.1) 

    
     

  
                              (3.1) 

Where, Wo and Wg are the weights of the original and grafted CA/HNTs films, respectively. 

The DG of VGCNF1, VGCNF2, VGCNF3, VGCNF4 and VGCNF5 membranes was 28, 35, 

42, 48 and 51%, respectively.  

3.4 Characterization Techniques 

3.4.1 Fourier transform infrared spectroscopy 

 The FTIR spectra of membranes were recorded using Fourier transform infrared 

spectrophotometer (Shimadzu Scientific Instruments, IRPrestige-21, Japan), in the range of 

4000-400 cm
−1

 using attenuated total reflectance (ATR) with ZnSe crystal. The resolution 

was 4 cm
−1

. The air background of the instrument was run before each sample of the 

membrane at 200 scans per spectrum. 

 A non-destructive technique for the analysis of materials is FTIR, which is used in 

labs for 70 years. Infrared spectroscopy is the study of the interaction of IR radiations with 

materials as a function of the frequency of radiations. Those frequencies of infrared radiation 

which are similar the natural vibrational frequencies of the molecules are absorbed.  FTIR 

gives precise information about the vibration and rotation of chemical bonds and the structure 

of molecules. IR spectrum gives the absorption peaks which belong to the vibrational 

frequencies of the bonds of the atoms by which material is formed. Every material having a 

combination of different atoms so that two compounds cannot generate the same spectrum 

[216]. So, FTIR can produce positive identification for every material. Infra-red radiations 

comprise of a lot of energy to vibrate the groups of atoms with respect to the bonds 

connecting them. These vibrational transitions have distinct energies like electronic 

transitions and infra-red radiations are absorbed in various frequencies and wave lengths. 

These bonds vibrate at certain frequencies when they are exposed to IR radiations. They 

absorb radiations of those frequencies which are similar to their mode of vibration. The 

spectrum is formed by the frequency of radiations, which is used for the identification of 

different functional groups [217].  
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 IR radiations are emitted from IR source. These radiations pass through the aperture, 

then passed through the sample and finally to the detector. The beam enters the 

interferometer in which spectral programming takes place and finally interferogram is 

produced. Interferometer divides radiation beams and produces an optical path difference 

between the radiations and then combine them again to generate interference which is 

measured as a function of optical path difference by the detector. Michelson interferometer 

comprises of three parts as a fixed mirror, moving mirror and beam splitter. Both mirrors are 

perpendicular to one another. The beam splitter is a reflecting device made up of KBr coated 

with germanium film. Radiation emitted from the IR source is directed into the interferometer 

and pass through beam splitter which allows the incoming radiation to pass through but 

separates it into two perpendicular beams. Finally, the beam enters the sample compartment 

where it is transmitted to the surface of the sample. The specific radiations are absorbed into 

the sample and the remaining transmitted. Finally, the beam passes through the detector for 

the measurement Signals of the interferogram. This measured signal is sent to the computer, 

for the application of Fourier transform to obtain the IR spectrum [218, 219].  

3.4.2 Thermal analysis 

 Differential scanning calorimetry/thermal degradation measurements of the PVA/CS 

blended membrane samples were investigated using TA instruments SDTQ600 

thermogravimetric analyzer at a temperature ramp of 20 °C/min from 30 to 600 °C. Nitrogen 

flow was set at 100 mL/min to provide inert atmosphere during the analysis. The moisture 

content of the membranes was determined from the weight loss corresponding to the first step 

from the curves [220]. 

 The main principle of Thermogravimetric Analysis (TGA) is the measurement of 

samples composition as well as thermal stability. It monitors the sample weight during 

dynamic temperature scan that can range from 30 to 1000 °C in multiple environment that 

includes air, oxygen, nitrogen etc.[221]. TGA analysis are vastly employed in all stages of 

research, in quality control also in production stage. It main method is to apply heat to induce 

physical changes or the reaction to be occurred in samples. It provides quantitative analysis 

of sample‟s mass change accompanied with thermal degradation and transition phase. It 

provide the data related to mass change of specimen undergoing decomposition, dehydration 

or the oxidation with respect to temperature and time [222]. The thermos gravimetric curves 

of specific samples characterize the distinctive series occur due to physical and chemical 

reaction over varying temperature range. These distinctive behavior displays the molecular 
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structure of specimen used. The analyzer of TGA composed of high precision weighing 

balance with plates commonly made of platinum to load the sample. The custom designed 

pan is then positioned in small electrically heated oven connected with thermocouple to 

precisely measure the temperature range. In most times, inert environmental conditions are 

used to inhibit the oxidation or any type of reactions. The computer software controls the 

TGA instrument [223]. 

 To carry out the experiment, the temperature of instrument raised periodically and is 

plotted temperature against weight percentage. Most cases high temperature approximately 

1000 °C or higher is used, but the equipment is so highly insulated that the operator would 

not be responsive of any change. The data achieved is applied to smoothing any other 

processes to determine the points of inflection. Most commonly DSC is coupled with TGA to 

measure both weight change and height flow in controlled manner. Such coupling improves 

the productivity and simplifies elucidation of results data [224]. The pairing information 

allows to differentiate between endothermic and exothermic process that does not involve any 

type of weight loss includes crystallization or melting and those that involves weight loss 

includes degradation process. Recently high précised TGA techniques are used to achieve 

greater resolution especially where the derivative peaks curves. In such processes the 

temperature rises slow down while weight loss rises. This is attempt to determine the exact 

temperature at which the peak form [225].   

3.4.3 X-ray diffraction 

 X-ray diffraction patterns of membranes were obtained with XRD (Philips model 

X'Pert APD, Analytical Pan) using Nickel-filtered Cu Kα characteristic radiation. The 

scanned rate was 2
°
/min was ranging from 3

°
 to 40

°
 (2θ) with wavelength of 0.154 nm [220]. 

The arrangement of particles like ions, atoms or molecules is in a regular order in 

crystalline solid. For the investigation of crystalline structure, their interaction with X-rays 

are studied. The crystalline structure perform as a diffraction grating for X-rays, that evidence 

the particle in regular repeating order in planes having a close distance between them [226]. 

In 1913, W.L Bragg and his father W.H Bragg are the first ones to study the diffraction of X-

rays in zinc sulphides (ZnS) crystals [227]. 

 The conventional XRD instrument used for the powder samples are composed of four 

main compartments: source (X-ray), sample stage, receiving optics and lastly X-rays detector.  

The X ray source and the detecting device connected with optics present on the fringe of 

focusing circle. While the sampling stage positioned at center of it.  The Bragg angle (θ) is 
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the angle between plane of sample and the source while the angle between detector and 

projection of X-ray is kept 2θ. For the analysis, the powder sample expected to compose of 

crystallites was placed on specimen stage. As the beam of X-rays falls on specimen, they are 

scattered by each one atom present in it. If beams scattered are in phase, they are interfered 

constructively and at that particular angle the peak intensifies to maximum. The planes at 

which scattering occur is termed as reflecting planes [228]. 

 The monophasic nature of specimen is determined by XRD. The structural traits of 

material are determined via XRD technique. It determines varying phases that may include 

foreign particles or the unreacted part present in the sample. Based on these reasons this 

technique is very useful for observation of synthesis process. The XRD data reveals the unit 

cell of crystal. Presently they are abundantly used to determine the sequence of reaction 

during synthesis and the change it undergo under thermal treatment [229]. 

3.4.4 Scanning electron microscopy 

 The cross-sectional and surface morphologies of the PVA/CS blended membranes 

were studied by scanning electron microscopy JEOL JSM-6480. The small pieces of 

membranes were placed in vacuum chamber and the electron beams were sputtered on 

membranes and images were examined on different magnifications [220]. 

 In order to form the image of any surface of the object under study, the scanning 

electron microscope (SEM), have a cathode ray tube that is orchestrated with an electron 

source. The consequential signals are mainly back scattered, auger and secondary electrons 

along with distinctive x-rays and photons having different energy levels.  In conventional 

SEM, the electron gun is used to produce electron beam passing through various condenser 

lens along with electromagnetic scan coils that allows the electron beams to be deflected at 

different angles of optic axis, while another pair of electromagnetic scan coils used to deflect 

the electron beam back across the optic axis. The electromagnetic scan coils are located in the 

bore of final lens present in SEM. All the types of rays are then pass via final aperture of last 

lens. Lastly before entering, all the rays interact with sample surface at various angles. The 

cathode ray tubes and the electromagnetic coils are monitored via individual scan detector so 

the characteristics scan is achieved as reproduced on amplifier. Such amplifier are provided 

with more than one resultants signal and then all the signals are evaluated either separately or 

concurrently by appropriates scanners [230] .  

 The elucidation of SEM micrographs is totally vary from the images obtained through 

light microscope.  The SEM incidentally makes a design or record that can be deducted as an 

image of the sample. Elucidation of the SEM micrograph is stimulated by various factors that 
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includes particular resolution, visibility, contrast, focus, topography, obvious illumination, 

and 3D aspect [231]. The main change in SEM was made by the introduction of field 

emission that was first commercialized in late 1980s [232]. In field emission scanning 

electron microscope (FESEM), field emission gun was first applied instead of using a 

thermionic gun to generate a beam of the electron that forms the electron probe having a 

diameter of 0.5 nm. The FESEM become practicable with the development in electron 

detectors and electron optics to provide a high resolution image. Furthermore, it allows the 

sample to form an image at a very accelerating voltage (below 5kV) along with better 

resolution [233]. 

3.4.5 Atomic force microscopy  

 AFM imaging and analysis was used to characterize the surface morphological 

conformation and to calculate the surface roughness of the CA/HNT modified membranes. 

Topographical images were captured using a scanning probe microscope (SPM 9500J3, 

Shimadzu) standard tapping mode at room temperature. A cantilever oscillated sinusoidally 

with a resonating frequency of 350 Hz. 5 μm
2
 area of dried membranes were scanned by 

placing the sample on the sampling holder. RMS was derived from AFM images. Mean 

roughness was calculated from the topographical images of the membrane [234]. 

3.4.5.1 Mean roughness  

 Mean roughness indicates the average mean velocity of the surface relative to the 

center of the plane. It is calculated by the Eq. (3.2) 
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 Where, f(x, y) indicates the surface relative to the plane whereas the dimension of the 

surface in x and y direction are denoted by Lx and Ly, respectively. 

However, the root mean square average (RMS) of the measured height deviations from the 

mean surface taken within the evaluation area and calculated by Eq. (3.3) 
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 The atomic force microscopy composed of a probing device connected to the 

cantilever spring.  The cantilever that also termed as the lever is deflected in response to the 

force applied between the tip and the surface of the sample. By the movement of piezo along 

z axis as a functional of lateral position (x and y axis) in other terms simply digitizing the 

deflection of the cantilever  and by scanning the sample surface relative to the tip of probing 

device, images are taken. Conventionally the motions range from microns to 0.01 Å, while 
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the spring constant is in the range of 0.001 to 100 N/m. The common force range from 10
-11

 

to 10
-6

N that exists between the sample surface and probing tip. For contrast, the common 

forces or interaction between two covalently bonded atoms is of 10
-9

N order at the separation 

of 1 Å. Consequently, non-destructive imaging is conceivable like such small forces or 

interactions. There exist two main types of forces regimes incudes Contact mode and non-

contact mode. For the sample to tip separations in an order of 10-100nm that included 

electrostatic interaction, van der Waals, magnetic or capillary forces, the microscope is used 

under non-contact mode to provide the topography images, charge distribution, liquid film 

distribution or magnetic domain wall structure. The contact mode is applied for the separation 

of Å order, where the tip is contacting the sample surface. Such mode interacts with ionic 

repulsive forces to provide high resolution. Atomic resolution can be attained under the finest 

conditions [235]. Under suitable conditions, deformations (elastic or plastic) and frictional 

forces can be detected. The AFM working principle is the sharp tip of the probing device is 

attached to cantilever spring. The cantilever spring defections are measured by deflection 

sensor device as the force between probing tip and sample occurs. While operating the AFM, 

deflection is kept constant by feedback loop also termed as equiforce mode [236].  

3.4.6 Water Content 

 For the swelling experiments, the crosslinked PVCS membranes were dried at 40 °C 

under vacuum for 6 h and weighed. The samples were immersed in distilled water for 72 h at 

25 °C. The constant weight experiments were used to ensure that the swollen membranes 

reached the equilibrium state. To remove any excess surface water the swollen membranes 

were blotted carefully with tissue paper, and the weight of the swollen membranes was 

determined using mass balance. The water content of the membrane was calculated using the 

equation (3.4): 

     ( )   
      

  
       (3.4)    

Where Ws is the weight of swelled membrane (g) and Wd is the weight of the dried 

membrane (g).  

3.4.7 Contact angle measurement 

 To evaluate the hydrophilicity of the samples, the water contact angles of PVCS 

membranes were determined with a Drop Shape Analyzer (DSA 30, KRUSS Germany) via 

the sessile drop method. A drop of deionized water was dropped vigilantly by microsyringe 

on the membrane surface and the contact angles were determined by relevant software. The 
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contact angle was determined at diverse positions of each sample membrane and the average 

value was taken as the water contact angle. 

3.4.8 Degradation studies 

 In order to assess the degradation profile of PVA-CS membranes, the samples were 

soaked in buffer solutions of different pH (3, 7.4 and 9) for seven days. The membranes were 

removed and weight was calculated after specific time. The loss in weight was calculated 

using equation (3.5). 

            ( )  
     

  
                            (3.5) 

Where, Wi and Wd correspond to the initial and dried weights (g) of the sample after soaking 

in a specific buffer solution, respectively. The mean value of the three samples was reported 

and the data were analyzed using Origin Pro 8 with 0.05 (5 %) significant level. 

3.4.9 Antibacterial activity test 

 The antibacterial test was performed against Escherichia coli according to JIS L 

1902–2002 method [237]. 20 mL of broth was prepared in six conical flasks of 250 mL 

capacity. All flasks were autoclaved at 121 °C with a pressure of 15 psi for 15 min. After 

autoclaving 100 μl of DH5 alpha E. coli strain was inoculated in the flasks. The membrane 

samples were introduced in each flask. All flasks were incubated at 35 °C in an incubator for 

18 h. After incubation, optical density (OD) at 600 nm was observed using spectrophotometer 

[238]. 

3.5 Filtration experiments 

 A dead-end filtration system (Model HP4750 Stirred Cell, Sterlitech Corp., Kent, 

WA) (Fig. 3.8), made of stainless steel 316, was employed for all reverse osmosis 

experiments. Additionally, 300 mL of feed (NaCl solution) inside the cell was taken and was 

stirred at 200 rpm. The pressure was maintained at 800 psi with nitrogen gas and monitored 

using a digital pressure transmitter (Omegadyne Inc., Model PX319-050G5V, Sunbury, OH). 

The permeate was collected on a digital balance (Sartorius, ED623S, Goettingen, Germany), 

and the cumulative mass of permeate was collected for 8 h calculate the flux. The 

concentration of the solution (NaCl solution) was 3.28 wt% and salt rejection was analyzed 

using salinity meter (TRACEABLE VWR, ISO 17025 Accredited). All the experiments were 

carried out at 25 °C. Schematic diagrams of the experimental setup and filtration steps are 

shown in Fig. 3.8. 
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Fig 3.8. Dead end filtration system for RO membranes. 

3.5.1 Permeate flux (J) 

 The permeate flux (J) shows the total purified water collected per unit area and per 

unit time at constant pressures given in equation (3.6) [239]. 

        
 

    
  (3.6)     

Where J is the permeate flux (L/m
2
h), Q is the amount of permeate (L), t is the time (h) and A 

is the membrane area (m
2
). 

3.5.2 Chlorine resistance 

 It was believed that the influence of short-time exposure of thin film nanocomposite 

membrane to the high concentration of free chlorine was equivalent to the long-time exposure 

of thin film nanocomposite membrane to the low concentration of free chlorine [63]. The 

short-time exposure of high concentration of free chlorine was conducted to study the 

chlorine resistance of the prepared thin film nanocomposite membranes. Commercial NaClO 

solution (free chlorine content of 10 wt %) was diluted with distilled water to prepare a 

chlorinated solution (2000 mg/L). To make free chlorine solution more oxidative and harsh 

having pH values less than 7.0, the pH of the prepared hypochlorite solution was adjusted to 

4.0 by HCl (0.1 M) [11]. The pristine and modified membranes were subjected to perform 

chlorination experiments. The permeation flux and salt rejection efficiency of the thin film 

nanocomposite membranes were calculated using 2000 mg/L NaCl solution. After removing 

the thin film nanocomposite membranes from the test cell, they were washed with distilled 
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water and placed in 2000 mg/L hypochlorite solution (pH 4.0) for 2 h at 25 °C. The 

chlorinated thin film nanocomposite membranes were reloaded in the test cell after washing 

with distilled water and the performance of the thin film nanocomposite membranes was 

again evaluated with 2000 mg/L NaCl aqueous solution.  
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Chapter   4 

4 Results and Discussion 

4.1 Type 1. Membrane System: Development and performance 

characteristics of silane crosslinked poly(vinyl alcohol)/chitosan 

membranes for reverse osmosis 

4.1.1 Fourier transform infrared spectroscopy  

 FTIR technique was used to investigate the functional groups of membranes and to 

examine the formation of crosslinked network of the PVA/CS blends with TEOS. As, the 

molecules of both PVA and CS have the ability to form hydrogen bonding, so, this 

interaction between different molecular groups affected the sample spectra. 

 The spectra in Fig.4.1 for PVCS and PVCS (1-5) membranes showed strong 

absorption peaks at 1649 and 1327 cm
-1

, the characteristic peaks of chitosan which have been 

reported as amide I and III, respectively. The amide II peak at 1570-1510 cm
-1 

was also 

observed while the peak at 1238 cm
-1

 represented the C-O-C of chitosan ring. The broad peak 

at 1082 cm
-1

 confirmed the C-O stretching vibration in chitosan [240-244].  

Fig 4.1. FTIR spectra of PVA/CS crosslinked and uncrosslinked membranes. 
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  In addition, a peak at 918 cm
−1

 due to pyranose ring and 1132 cm
−1

 due to saccharine 

structure also confirmed the chitosan moiety. In CS, a broad peak at about 3500–3100 cm
−1

 

depicted –OH (H-bonded) stretching vibration from the intermolecular and intramolecular 

hydrogen bonds. The vibrational peak at 2918 cm
-1

 assigned to the stretching vibration of C-

H in alkyl groups [245, 246]. The peak in the range of 1000-1100 cm
-1

 confirmed the 

formation of -Si-O bonds (1089 cm
-1

) resulted from the condensation reaction among –OH 

groups of silanol (-Si-OH), chitosan and PVA in PVA/CS membranes. The covalent bond 

(Si-O-C) was resulted from the crosslinking reaction between PVA, chitosan and silanol 

[247-249].  

4.1.2 Thermogravimetric analysis  

 Thermogravimetric analysis is an important technique to determine the thermal 

stability of the materials. The thermal degradation revealed in the form of weight loss versus 

temperature for the controlled and crosslinked sample membranes are given in Fig. 4.2. Three 

main degradation steps are shown by each TGA curve. The first stage occurred between 30 

and 250 °C and revealed weight losses of about 12.5 %. This degradation was due to the 

removal of absorbed moisture and the evaporation of volatile constituents. The second 

thermal degradation stage started from 250 °C and ended up to 472.5 °C. The weight loss 

(82.5 %) in second step was attributed to the degradation of polymer chain. The maximum 

degradation temperature (Tmax) was 472.5 °C. The third step, started from 472.5 °C up to 575 

°C represented the carbonization of thermally degraded material and its conversion to ash. It 

was found that the onset degradation temperature (Tonset) was comparatively high for all the 

crosslinked membranes as shown in Table 4.1. Likewise, Toffset for all the crosslinked 

membranes altered to higher temperature (437.1 °C to 472.5 °C), with increasing the TEOS 

content. For all the crosslinked membranes at 500 °C, no change in the mass occurred, which 

indicated the presence of residue. Consequently, as the TEOS content increased in the blend, 

the residual mass increased from 9.69 to 14.6 %. The temperature for 50 % weight (T50%) for 

PVCS was 326.47 °C but for PVCS-1 (crosslinked), it was observed at 328.03 °C and with 

maximum amount of TEOS (PVCS-5), it was increased up to 342.13 °C. So, the thermal 

stability was increased with the addition of TEOS (Table 4.1), which indicated that the 

thermal stability of PVA/CS blended membranes was higher due to TEOS addition. 

Generally, as the amount of silanol was increased, the degree of crosslinking of membranes 

was increased. This increase in crosslinking was better for thermal stabilities of the 

membranes [250]. 
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Table 4.1. Thermogravimetric data of PVA/CS membranes 

Sample code Tonset T50% Toffset Residue (%) 

PVCS 250.02 326.47 437.1 7.01 

PVCS-1 252.7 328.03 441.3 9.69 

PVCS-2 254.5 331.24 445.3 11.47 

PVCS-3 256.27 335.08 447.5 11.92 

PVCS-4 258.71 337.32 447.5 12.37 

PVCS-5 261.45 342.13 472.5 14.6 

 

 

 Fig 4.2. Thermogram of PVA/CS crosslinked and uncrosslinked membranes. 

4.1.3 Differential scanning calorimetry 

 In DSC analysis, the packing and structure of the polymer chain in the membrane 

could be represented by the glass transition temperature (Tg). The low Tg stipulated that the 

membrane occupied additional free spaces and thus having flexible structure [251]. The 

compatibility between the polymers in the mixture was a significant factor in the 

development of new materials based on polymeric blends, as the extent of compatibility was 

associated to ultimate characteristics of polymeric blends. DSC thermograms of control and 

crosslinked membranes are given in Fig. 4.3. It was noted that the controlled membrane 

revealed Tg at 107 °C while the Tg of crosslinked membranes was increased up to 140 °C for 
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PVCS-5 membranes. This was due to the fact that the TEOS (up to 500 µL) effectively 

increased the Tg of PVA/CS polymeric membranes. The increase of Tg indicated that the 

chain mobility of PVA and chitosan was decreased. The Tg was increased due to higher 

packing density and rigidity. This was mainly because that TEOS could interact with PVA 

and CS molecules and the intermolecular hydrogen bonding within PVA and CS molecules 

was formed. Tg was increased for the highly crosslinked membranes showed that the increase 

in the amount of TEOS (500 µL), increased the Tg. 

 

Fig 4.3. DSC thermogram of PVA/CS crosslinked and uncrosslinked membranes 

4.1.4 Scanning electron microscopy 

 The microstructure of the membranes was analyzed by SEM micrographs from the 

interactions between PVA, CS blend and TEOS crosslinker. The characteristic micrographs 

of the membranes with cross-sections of all formulations are shown in Fig.4.4 where a 

continuous, homogeneous phase in both the controlled and the crosslinked membranes could 

be observed, without any evidence of phase separation. Furthermore, no irregularities, like 

pores, air bubbles, droplets and cracks were detected. This showed the high compatibility 

between the molecular chains of the two polymers as previously observed by other authors 

[252]. Comparing the surface images of the blended membranes of membrane PVCS with 

those of crosslinked membranes, we could observe that the surfaces were dense in structural 

packing and crack-free. The adhesion strength between the PVA layer and chitosan and the 
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structural stability of the membrane was improved greatly by the TEOS inclusion. Cross-

sectional micrographs of the membranes showed a consistently dense nature which resulted a 

strong affinity between CS and PVA polymeric chains. All the PVA/CS membranes 

confirmed the selective interaction of TEOS molecules with PVA/CS polymer backbone that 

was responsible for strong compatibility between polymer chains ascertained by FTIR [248, 

253].  

 

Fig 4.4. SEM images of PVA/CS crosslinked and uncrosslinked membranes. 

4.1.5 Water Content 

 The water content of the membranes was directly related to the swelling properties. 

The swelling behavior of the membrane depends on the structure and composition of the 

polymer membrane.  As shown in Fig.4.5, results demonstrated that membranes having more 

TEOS content swollen at higher degree. This was due to hydrophilic nature of the TEOS 

which could offer considerable hydrogen bonding with hydrophilic groups (-OH groups of 

PVA as well as chitosan). The blended membranes generally exhibited higher swelling 

degree indicating more flexible membrane structure, resulted in a higher flux.  
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Fig 4.5. Water content of PVA/CS crosslinked and uncrosslinked membranes. 

4.1.6  Degradation studies 

 Since CS is a polysaccharide which contains fragile glycosidic bonds, therefore the 

degradation of membranes at different buffer pH can be attributed to the degradation of CS in 

the membranes. The CS degradation leads to the development of nontoxic oligosaccharides 

of varying lengths. The membranes were subjected to buffer solutions having different pH (3, 

7.4 and 9) so as to explore the degradation. The weight loss data (Fig.4.6) shows that the 

crosslinked membranes demonstrate a lower degradation rate in comparison with 

uncrosslinked membrane (PVCS) observed at different pH (3, 7.4 and 9). A positive effect of 

crosslinking on the degradation performance is more apparent in PVCS-5, as its weight loss 

is less with the passage of time compared to the uncrosslinked membranes. This can be due to 

the formation of siloxane network which slowed down the process of degradation. The 

membranes with high loading of TEOS (silanol) (PVCS-5) investigated lower degradation of 

the membranes having higher crosslinking density and this behaviour is also observed in 

varying pH solutions. The significant level was 0.05 (5 %) with p<0.05 and the data was 

analyzed using Origin Pro 8. 
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Fig 4.6. Degradation studies of PVA/CS membranes at (a) pH 3 (b) pH 7.4 and (c) pH 9. SD 

bars are added in chart; sample size: n = 3, p<0.05. 

4.1.7 Contact angle analysis 

 Contact angle analysis was carried out to assess the hydrophilicity of the membranes 

and the measurement of the affinity for water molecule to wet the solid surface. The contact 

angle for each sample was determined three times and average results are depicted in Fig.4.7. 

The small contact angle corresponded to the higher hydrophilicity and higher wettability. The 

observed contact angle on uneven surface (below 90˚) was lower on the same membrane 

surface having even surface [254]. The Fig. 4.7 shows that the contact angle decreased with 

the increase in the amount of TEOS content in PVA/CS blend. This could be due to the 

incorporation of hydrophilic crosslinker (silanol). Therefore, water molecules spread on the 

membrane surface easily and hydrophilicity of the membrane was increased. Hence, the 

reduced hydrophilic surface represented greater contact angle with the surface and vice versa. 
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Fig 4.7. Contact angle of PVA/CS crosslinked and uncrosslinked membranes. 

4.1.8 X-ray diffraction 

 XRD analysis provided the sufficient information about crystallinity, orientation and 

size of aligned region in material [255]. In order to explain the variation in extent of 

crystallinity with the addition of TEOS concentration of polymeric membrane (PVA/CS), 

XRD analysis with and without addition of crosslinker was carried out as shown in Fig.4.8 It 

could be noted that uncrosslinked membrane showed the relatively greater amorphous 

behaviour as compared to the crosslinked membrane. A very weak diffraction peak appeared 

at 11.9° referred to (020) reflection, indicated the crystalline nature of chitosan [256]. These 

XRD spectra of PVA/CS membranes showed peak at approximately 19.7° which was the 

reflection of (200) plane along with the major portion of amorphous region of blend [257]. 

This peak aroused form the aligned segment and became more sharp and intense with the 

increase in the amount of crosslinker and hence the crystallinity of these blends was observed 

to be increased with increase in the concentration of crosslinker. The enhancement in 

crystallinity in highly crosslinked blend showed the maximum close packing arrangement of 

polymer chains [258]. 
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Fig 4.8. XRD spectra of PVA/CS crosslinked and uncrosslinked membranes. 

4.1.9 Antibacterial activity 

 The antibacterial activity was evaluated against E. coli according to JIS L 1902–2002 

method. It was observed that flask containing inoculum was turbid which indicating the 

growth of bacteria while all other flasks containing membranes showed a clear solution as 

indicated in Fig.4.9. The optical densities (OD) measured for all the membranes are also 

given in Fig. 4.9. There was negligible bacterial growth as indicated by the OD of all the 

membranes. It was concluded that all the membranes inhibited the growth of bacteria 

successfully. The ability of chitosan to penetrate into bacterial cell and rupture the living cell 

was proved. As a result intracellular component penetrates out along with inhibition of RNA 

synthesis [259]. 

 

Fig.4.9. Antibacterial activity of PVA/CS crosslinked and uncrosslinked membranes. 



99 
 

4.1.10 RO Performance 

4.1.11 Effect of crosslinking  

 The membrane results based on salt rejection efficiency and permeation flux under 

standard parameters are shown in Fig.4.10. Fig. 4.11 (a) demonstrates the influence of 

amount of TEOS in PVA/CS casting solution on the performance of the membrane. 

Increasing TEOS amount caused to increase in permeation flux and after optimal membrane 

(PVCS-4), decreased in NaCl retention is observed for all membranes. During swelling, the 

polymeric chains could move further apart and the free volume is increased, so the membrane 

becomes more open. This would result in decrease rejection. Thus, a larger swelling causes 

the decrease in salt rejection [260].The average flux of PVCS membrane was 0.78 L/m
2
hr 

and salt rejection of 51 %. The trend of the membranes containing TEOS was higher 

compared to the uncrosslinked membrane [261]. This was because of larger ratio of water 

diffusivity to salt diffusivity existence. The transport through RO membrane was described in 

terms of diffusive flow in which separation in the membrane occurred when both solute and 

solvent permeated by solution and diffusion process. Solution-diffusion model was applied to 

the membrane having three steps including sorption, diffusion and desorption of the water 

flux from the membrane. Fig. 4.11 (a) and (b) show the comparison between permeation flux 

and salt rejection of PVCS and PVCS-1 to PVCS-5. In case of PVCS-1 to PVCS-5, flux 

enhanced from 0.95 L/m
2
hr to 1.86 L/m

2
hr as the TEOS concentration was increased up to 

500 µL. In PVCS-3, the maximum salt rejection 81 % was observed with TEOS content 300  

Fig 4.10. Comparison of flux with salt rejection. SD bars are added in the bar chart with 

significant level 0.05 (5 %), p<0.05 and sample size n = 3. 
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µL and with further enhancement in TEOS concentration (PVCS-4 and PVCS-5), the salt 

rejection declined. Furthermore, the salt rejection was occurred on the basis of electrostatic 

repulsion known as Donnon Effect [262]. The ions excluded by the Columbic Forces arised 

from the charges residing on the membrane surface which confirmed that the TEOS 

concentration considerably modified the PVA/CS network structure, and consequently the 

transport properties. The permeation flux was increased in all the membranes up to 1.86 

L/m
2
h. Fig. 4.10 shows that salt rejection capacity of membranes was enhanced up to PVCS-

3 and then decreased when compared with PVCS membranes. 

 

Fig 4.11. Comparison of (a) Permeation flux (b) Salt rejection of crosslinked membranes with 

control. SD bars are added in the bar charts with significant level 0.05 (5 %), p<0.05 and 

sample size n = 3. 

4.1.12 Effect of time on crosslinked membranes 

 The influence of time parameter on the performance of the membrane is shown in 

Fig.4.12. The longer time resulted in higher permeation flux. This might be due to water 

elimination with time from the PVA/CS membrane and was responsible for loosening of the 

position of both polymer chains. However, this change was very significant compared to 

those membranes without TEOS. The crosslinking via TEOS changed the permeate mobility 

and also the segmental motion of the polymer chains which increased the free volume of the 

composite membranes (PVCS-1 to PVCS-5). 
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Fig 4.12. Effect of time on the performance of the membranes. SD bars are added in the bar 

charts with significant level 0.05 (5 %), p<0.05 and sample size n = 3 

4.2 Type 2. Membrane System: Cellulose acetate based thin film 

nanocomposite reverse osmosis membrane incorporated with TiO2 

nanoparticles for improved performance 

4.2.1 Fourier transform infrared spectroscopy 

 Fig.4.13 (a) shows the FTIR analysis carried out to confirm the proposed interactions 

among the CA, PEG-400 and TiO2. The carbonyl group peaks showed at 1739 cm
-1 

was a
 

characteristic stretching vibration of C=O of acetate group of CA. The strong band around 

3450 cm
-1

 ascribed to the OH stretching vibration and the H- bonding between the carbonyl 

group of CA and hydroxyl group of PEG-400. The C-H stretching vibration was observed at 

2875 cm
-1

 [263, 264]. The C-O cyclic and non-cyclic stretching vibrations were observed at 

1220 cm
-1 

and 1033 cm
-1

, respectively and this was due to the covalent bond formation 

between CA and PEG-400 (Scheme-II) The weak band situated at 906 cm
-1 

confirmed the 

pyranose ring [121, 265, 266]. A new absorption band approximately at 947 cm
-1

 ascribed to 

the Ti-O that formed hydrogen bonding with acetate group of CA. This band shifted from 947 

to 939 cm
-1 

(Fig. 4.13b) with increase in the amount of TiO2 confirmed the hydrogen bond 

formation between the oxygen atom of titania and the H-atom of acetate group of cellulose 

acetate (Scheme-II). An intense broad band (Fig. 4.13a) was shown by TiO2 nanoparticles in 

the range of 600−800 cm
-1 

indicating the stretching vibration of Ti−O−Ti for TiO2 modified 



102 
 

membranes. The broad band emerged at 671 cm
-1

 ascribed to the vibration of Ti-O-Ti bond in 

TiO2 lattice, the intensity of which increased with concentration of TiO2 [267-271].  

 

Fig 4.13 FTIR spectra of control and TiO2 modified thin film composite membranes. 

4.2.2 Thermogravimetric analysis  

 The modified and control (CA/PEG-400) membranes (0-25 wt %) were subjected to 

TGA analysis via thermogravimetric analyzer to measure their thermal stabilities. The 

percentage weight loss of prepared membrane is shown in Fig. 4.14 (a). The fabricated 

membranes showed three decomposition stages. The initial stage of weight loss for control 

membrane ranged from 30-250 °C which was attributed to the volatilization of volatile 

compound, dehydration and evaporation of bound water. The second step showed the 

deacetylation process and chief thermal degradation of polymeric matrix chain (CA/PEG) 

from 250 to 370 °C. The final step showed the decline at first that lead to constant thermal 

profile ranged from 370 to 580 °C mainly due to the carbonization of the degraded product to 

ash. Thermogram of TiO2 modified membranes showed slightly different steps that comprises 

of the initial decomposition stage ranges from 30–400 °C for CPT-1 and CPT-2 while for 

CPT-3, CPT-4 and CPT-5, it was at 430 °C mainly due to the dehydration and degradation of 

polymer chains [272]. The final step showed the carbonization of the decomposed product in 

to ash up to 580 °C [273]. The experimental data (Fig.4.14 (b)) demonstrated that the 30 

percent weight losses for control, CPT-1, CPT-3, and CPT-5 were observed at 330, 335, 362 

and 373 °C, respectively. Similarly, 70 percent weight losses for control, CPT-1, CPT-3, 

CPT-5 were occurred 369, 385, 404 and 409 °C, respectively. The percent weight loss of 
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CPT membranes was notably higher than the control membranes. This evidenced that the 

experimental TGA curve of CPT-5 thin film nanocomposite membrane with highest 

concentration of TiO2 was thermally stable as compared to the other fabricated CPT 

membranes that showed the improved thermal stability and properties. For all TiO2 modified 

membranes above 450 °C, TiO2 was present and its wt% was increased with the increase in 

the amount of TiO2 confirmed by the residue wt% as shown in Fig. 4.14 (b). Consequently, as 

the amount of TiO2 nanoparticles was increased in the blend, the residual mass increased 

from 1.92 to 6.19 % (Fig. 4.14 (b)). 

 

Fig 4.14 (a) TGA of control and TiO2 modified membranes (b) The percentage weight loss 

and Residue (c) XRD pattern of control and TiO2 modified membranes. 

4.2.3 Scanning electron microscopy 

 Although pore size of RO thin film nanocomposite membranes ranges from 1 to 10 Å, 

however, they are principally considered to be nonporous. These nanopores are considered as 

transient free volume elements. As a function of time these elements comprised of different 

size and location. So, in order to describe the flux solution-diffusion model is employed. 

While for other membranes such as ultrafiltration membranes having perpetual pores, pore-

flow model is used [274]. In order to find out the influence of addition of TiO2 nanoparticles 

on the membranes (CPT-1 to CPT-5), the scanning electron microscopy was used. In 
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Fig.4.15, the control image represents pure CA/PEG-400 dense membrane, while images 

CPT-1 to CPT-5 show the incorporation of 0–25 wt% concentration of TiO2 in CA/PEG-400 

blend. In all these micrographs, no porosity was observed. The membranes used for 

characterization give the information of surface morphology [11]. The membrane had smooth 

surface and dense structure. For RO process, membranes without macrovoids were required 

because these structures sustain high pressure operations, but also having non-defective 

smooth surface for high salt rejection [275]. PEG-400 was homogeneously blended with CA 

[276]. Surface morphology was significantly changed due to the incorporation of different  

Fig 4.15. SEM micrographs of control and TiO2 modified thin film nanocomposite 

membranes. 
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quantities of TiO2 nanoparticles which were uniformly distributed in all the membranes. Due 

to the high loading of TiO2 nanoparticles, agglomerations to some extent in the membranes  

were produced which might be the result of increasing viscosity of casting solution [277]. 

4.2.4 X-ray diffraction 

 The structural properties of titania filled CA/PEG blend were investigated by XRD 

analysis. This technique helped to identify the crystalline structure modification occurred 

through the inclusion of TiO2 particles. Fig.4.14 (c) shows the diffraction pattern of CA/PEG 

control blend and TiO2 filled CA/PEG blend. It was observed that the pattern of TiO2 

particles showed characteristic sharp crystalline peaks at 2θ values of 24.79˚, 37.18˚, 47.55˚ 

and 54.73˚ and 55.0˚ which were attributed to different planes i. e. (101), (004), (200), (105) 

and (211), respectively which confirmed the pure tetragonal anatase phase of TiO2. This 

inferred that there was no rutile phase of TiO2 particles in this structure as the highest 

intensity was observed at 24.79˚ (101) for anatase phase of TiO2 nanoparticles [278, 279]. 

The crystallinity or the ordered structure may be attributed to the developed intermolecular 

hydrogen bonding between cellulose acetate and titania nanoparticles. As, the intensity of 

sharp peak (24.79˚) and the crystallinity percent (the ratio of intensity of peak at 24.79˚ to the 

total intensity was evaluated) of the fabricated membranes was increased with the increase in 

the amount of tiatania nanoparticles. The calculated crystallinity percent of CPT-1, CPT-2, 

CPT-3, CPT-4 and CPT-5 was 62.0, 78.0, 89.0, 91.0 and 93.0 %, respectively. The secondary 

forces like H-bonding holds the polymer chains together in the crystal lattice to overwhelm 

the disordered structure, so, the H-bonding increased the crystalline degree. Hence, this 

strong and sharp peak at 24.79˚ of anatase titania showed good crystallinity in the membranes 

[280-283]. These peaks were become more intense with increase in the concentration of 

titania nanoparticles. A broad peak was observed near 19˚ was due to the organic substances 

i.e. PEG and cellulose [284, 285]. The broadness of this peak was due to the amorphous 

nature of PEG and CA. As the concentration of TiO2 nanoparticles increased, this peak 

became weak due to the increasing crystallinity and reduction in amorphousity of blends 

through the inclusion of TiO2 nanoparticles. 

4.2.5 Degradation studies 

 Since CA is a polysaccharide which contains fragile glycosidic bonds, therefore the 

degradation of membrane samples at different buffer pH can be ascribed to the degradation of 

CA in the membranes. The degradation of CA leads to the formation of nontoxic 

oligosaccharides of different lengths. The membranes were soaked in buffer solutions of 

different pH (3, 7.4 and 9) to evaluate the degradation. The weight loss data (Fig.4.16) 
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demonstrates that TiO2 modified membranes exhibited a lower degradation rate as compared 

to pristine membrane observed at different pH (3, 7.4 and 9). A positive effect of TiO2 

incorporation on the degradation behaviour was more ostensible in CPT-5, as its weight loss 

was small compared to the other membranes with the passage of time. CA and 

TiO2 nanoparticles were compatible with each other. The rigidity of polymer chains was 

increased due to the interaction between CA and TiO2 nanoparticles which slowed down the 

degradation of the polymer chain.  

 

Fig 4.16. The degradation studies of control and TiO2 modified thin film nanocomposite 

membranes at (a) pH 3 (b) pH 7.4 and (c) pH 9 

4.2.6 Antibacterial activity 

TiO2 modified thin film nanocomposite membranes were employed for antibacterial activity 

against E. coli using JIS L 1902–2002 method. The growth of bacteria was clearly indicated 

by the turbid solution in the control flask (CP-2) while in all other flasks having TiO2 

modified membranes, a clear solution was observed as shown in Fig. 4.18 (a). The optical 

densities (OD) of all the membranes were measured at 600 nm which indicated the decline in 
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the growth of bacteria as shown in Fig. 4.17 (b). A negligible bacterial effect was observed 

by the OD of all the thin film nanocomposite membranes. The addition of TiO2 in all the 

membranes inhibited the bacterial growth. It was concluded that the growth of bacteria  

was inhibited successfully by all the thin film nanocomposite membranes. As maximum  

Fig. 4.17 (a) Antibacterial activity of control and TiO2 modified thin film nanocomposite 

membranes and (b) The optical densities of all thin film nanocomposite membranes. 
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cellular integrity of E. coli lost and become denatured indicating the irreversible damage 

hence causing cell death.  

4.2.7 RO Performance 

 Table 3.2 signifies the permeation flux and salt rejection of polymeric membranes 

which indicated that CP-5 membrane has maximum permeation flux of 1.21 (L/m
2
h) but with 

minimum salt rejection capacity of 54 %. The flux slightly decreased while salt rejection 

capacity increased by increasing the CA content. CP-2 thin film nanocomposite membrane 

exhibited a flux of 0.42 (L/m
2
 h) and salt rejection of 76.1 % with maximum CA and 

minimum PEG-400 content and was selected for the addition of TiO2 nanoparticles.  

 The transport across the RO thin film nanocomposite membrane was described in 

terms of diffusive flow in which separation occurs in thin film nanocomposite membrane 

when both solute and solvent permeate by solution and diffusion process. The basic principle 

of solution-diffusion model is that the species which are being permeated dissolve in the 

membrane material and then diffuse molecularly through it as a result of concentration 

gradient [286]. Solution diffusion model is used to explain the transport mechanism. 

According to this model, three steps take place in transport process through the membrane i.e. 

sorption at the surface of membrane, diffusion into dense membrane under pressure and then 

desorption. The hydrophilic nature of PEG-400 provides a driving force for sorption of water 

on membrane [50, 93, 287].  PEG-400 acts as pore former and exhibited hydrophilic nature 

[288]. CP-5 polymeric membrane exhibited maximum permeation flux, having greater 

quantity of PEG-400 but at the same time showed compromised salt rejection. The thin film 

nanocomposite membrane tolerated the passage of salt along with water due to the formation 

of pores [289] which resulted in maximum permeation flux and minimum salt rejection. The 

flux was maximum with greater amount of PEG-400. Due to the hydrophilic nature of PEG-

400, diffusion rate of water was enhanced. The permeation flux was increased due to the pore 

forming tendency of PEG-400 [290].  

 It was inferred that salt passage was inversely related to salt rejection. CA being 

desalting in nature was accountable for the elimination of salt [291]. On the basis of salt 

rejection, CP-2 polymeric membrane was selected for the addition of TiO2 nanoparticles. 

After the incorporation of TiO2 nanoparticles, these thin film nanocomposite membranes 

were characterized and compared with control membrane. Using different concentrations of 

TiO2 nanoparticles, the permeation flux and salt rejection of thin film nanocomposite 

membranes are shown in Fig. 4.18 (a). 
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Fig 4.18. (a) A comparison of permeation flux with salt rejection, (b) Permeation  Flux, (c) 

Salt Rejection and (d) Chlorine resistance before and after chlorination of control and TiO2 

modified thin film nanocomposite membranes. 

 The water salinity was decreased with the increase in TiO2 loading in the thin film 

nanocomposite membrane. With the addition of TiO2, the permeation flux and salt rejection 

were remarkably affected. CPT-3 showed maximum permeation flux of 1.36 L/m
2
h and salt 

rejection of 95.4 % but as the TiO2 concentration was increased, the permeation flux declined 

gradually. Fig. 4.18 (b) depicts the comparison between permeation flux of Control and 

modified CPT (1-5) thin film nanocomposite membranes. As indicated from Fig. 4.18 that 

CPT-5 showed a decline in permeation flux and provided a lowest flux value of 1.11 L/m
2
h. 

Fig.4.18 (c) shows that salt rejection capacity of modified membranes was enhanced up to 

CPT-3 and then decreased when compared with unmodified membrane. Also, TiO2 has 

purely anatase phase confirmed from XRD analysis which was used in the preparation of the 

membranes having no rutile phase. Hence, it can be concluded that the maximum salt 

rejection was 95.4 % exhibited by CPT-3 membrane containing anatase phase of TiO2. 
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 With the incorporation of a small concentration of TiO2 nanoparticles in the solution, 

the permeability of the thin film nanocomposite membrane was improved due to the 

hydrophilic nature of the TiO2 nanoparticles. The hydrophilic nature permits the TiO2 

nanoparticles to have a greater affinity towards water. As the TiO2 loading was increased, the 

hydrophilicity of the membranes was improved.  

4.2.8 Chlorine Resistance 

 Before and after the chlorine treatment, a variation in salt rejection is represented in 

Fig. 4.18 (d) that demonstrates the comparison between TiO2 modified CA based RO thin 

film nanocomposite membranes with the pristine (CA-PEG-400) membrane. The membrane 

without TiO2 nanoparticles exhibited chlorine resistance as the salt rejection decreased from 

76.1 to 75.6 % which was a negligible decrease in salt rejection. This indicated that the harsh 

environment created due to the presence of greater concentration of chlorine did not affect the 

surface of membrane. Due to the incorporation of TiO2 nanoparticles, a negligible decline in 

salt rejection was observed. Hence, TiO2 nanoparticles provided a chlorine resistant and a 

chemically stable membrane property as it reduced the requirement for the removal of 

chlorine that was essential for the protection of membranes from chlorine attack used for 

biofouling prevention. The interaction between CA and TiO2 enhanced the stability of thin 

film nanocomposite membrane and resisted the attack of free chlorine due to the presence of 

TiO2. 

4.3 Type 3. Membrane System: Radiation grafting of VGCNFs on 

cellulose acetate @ Halloysite nanotubes matrix membrane for MgSO4 

rejection. 

4.3.1 Fourier transform infrared spectroscopy 

 The spectroscopic investigation of any polymeric membrane plays a vital role in order 

to determine the incorporated components of the membrane. The FTIR spectra of the 

fabricated VGCNF modified membranes are shown in Fig. 4.19 The characteristic group of 

CA (carbonyl group) is shown at 1738 cm
-1 

 [121, 292].  The broad peak at 3490 cm
-1

 shows 

the OH group connected to Al atom in plane Si-O-Si stretching of HNT [293].  The specific 

peak of C-O-C cyclic group present in CA was observed at 1220 cm
-1

 [11, 294]. Furthermore, 

the presence of characteristic pyranose ring structure was confirmed at 904 cm
-1

 [121].  The 

peaks for -CH stretching vibrations of –CH2 and –CH3 were situated in the 3000-2800 cm
-1

 

region [295]. The peak present at 1033 cm
-1

 demonstrated the skeleton of Si-O stretching 
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vibration (Si-O-Si, O-Si-O) of HNT [296, 297]. Moreover, the peak at 3490 cm
-1 

ascribed to 

the -OH vibration was intensified indicating the interaction through H bond formation.  

 

Fig 4.19. FTIR spectrum of control and VGCNF modified membranes 

4.3.2 Thermogravimetric Analysis 

 The control and VGCNF modified (VGCNF 1-5) membranes were analyzed by the 

thermogravimetric analyzer. Fig.4.20 shows the loss of weight percentages of the 

membranes. The decomposition of the membranes has been shown in three different stages 

[298]. The first decomposition stage showed that the membranes range from 30-250 °C, in 

which the removal of entrapped water contents, volatile matter and dehydration occurred 

[299]. The second stage starts with onset temperature at 250 °C provided the deacetylation 

and thermal breakdown process of polymeric backbone chain from 250-400 °C. The final 

stage showed the offset temperature at 400 °C with constant thermal degradation process in 

which carbonization of the degraded material occurred to the final ash contents [300]. 

 The thermograms of the control and VGCNF1, VGCNF4 and VGCNF5 membranes 

showed 30 % weight loss at 363, 374, 375 and 378 °C, respectively [301] while 80 % weight 

loss of these membranes occurred at 374, 395, 425 and 426 °C, respectively. The weight 

losses for VGCNF (1-5) membranes were also higher compared to the control one. The 

results showed that the VGCNF5 was stable compared to other VGCNF (1-4) membranes. 
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Furthermore, above 450 °C, with the increase in weight percent of VGCNF, the residue 

weight percent was also increased. 

Table.4.2. Thermogravimetric data of control and modified membranes. 

Membrane Type T30 T50 T80 Residue % 

Control 363 373 374 2.85 

VGCNF1 374 383 395 3.72 

VGCNF4 375 385 425 9.02 

VGCNF5 378 398 426 10.35 

 

 

Fig 4.20. Thermogram of control and VGCNF modified membranes 

4.3.3 Contact angle 

 The surface of the membrane displayed the hydrophilic nature via water contact angle 

analysis. The values of the contact angles of the control and modified membranes are 

presented in Fig.4.21 which showed a decreasing trend by grafting of VGCNF. The contact 
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angle of the control RO membrane layer was decreased from 68 to 56 by grafting 1wt% of 

VGCNF on CA/HNT active layer [302, 303]. A gradual decrease in the values of the contact 

angle was analyzed with an increase in the grafting concentration of VGCNF [304]. The 

affinity between water molecules and polymer chains controls the water contact angle of the 

membrane layer. The hydrophilic nature of the VGCNF in the active membrane layer of 

CA/HNT, acted as a driving force for the water sorption into the membrane and spreading out 

of water molecules on the surface of the membrane [305]. A higher content of grafting of 

VGCNF can induct more hydrophilicity to the active layer of the membrane surface. 

 

Fig 4.21. The contact angle of control and VGCNF modified membranes 

4.3.4 Scanning electron microscopy 

 The formation of VGCNF on the CA/HNT membrane surface by the in-situ radiation 

grafting procedure was confirmed by both quantitative and visual analysis. SEM micrograph 

(Fig 4.22) clearly shows the presence of grafting of VGCNF over the active layer of CA/HNT 

membrane. These VGCNF were not visible on the surface of the control membrane, whereas, 

it can clearly be seen at SEM image of 2 wt% VGCNF at magnification (3.48k) [197]. The 

SEM image of the surface of the control membrane is dense and compact in structure [306]. 
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However, as we increased the concentration of VGCNF from 1 to 5 wt.%, there appeared no 

moieties formation onto the surface of the grafted membrane [307]. The VGCNF can easily 

be seen at 4 wt.% concentration, which ultimately increased the layer thickness of the 

membrane. 

 The TFC (RO) membrane showed cross-sectional image in Fig 4.22 (b) represents the 

pore structure of the membrane [196, 308]. The RO membranes surface usually has a nodular 

i.e. hills and valleys like morphological pattern. It can be seen in the cross sectional images, 

the surface of grafted membranes remained intact even with the highest concentration of the 

grafting VGCNFs and there was no defect seen in the surface of the modified membranes. 

However, in Fig 4.22 related to high concentrations of VGCNFs, it can be seen that the 

valleys of the control membranes were filled with the grafted VGCNF [309]. With the 

increase in the concentration of VGCNF grafting, the membrane surface got smoother and 

roughness decreased and this roughness reduction could lead to decrease in fouling. 

 

Fig 4.22. SEM images of control and VGCNF modified membranes 

4.3.5 Atomic force Microscopy 

 The surface roughness and topography of the fabricated RO membranes were studied 

by AFM analysis. Fig 4.23 shows that in the 3D image of AFM, there was a considerable 

difference between the control and the modified TFC (RO) membrane topographies. The 

control membrane displayed more surface roughness and provided more ridges and valley 

like structure when compared to the VGCNF grafted TFC (RO) membranes, which were 

relatively smooth [303, 310, 311]. To understand the TFC (RO) membrane surface 
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topography, roughness parameters of root mean square of Z values (Sq), mean roughness (Sa) 

and the difference in height between the highest and the lowest valleys were calculated using 

AFM image as shown in Table 4.3. This clearly showed that the roughness parameters of 

TFC-RO membrane decreased significantly by grafting 1 wt.% of VGCNF in the membrane. 

The reason acclaimed was the presence of the hydrophilic nature of VGCNF. The decrease in 

the surface roughness and ridges and valleys resulted by the hydrogen bonding between 

CA/HNTs and grafted VGCNF [302]. However, with further increase in the concentration of 

VGCNF up to 5 wt.%, the surface roughness increased due to their possible agglomeration 

and reduced dispersibility. The excess of concentration of VGCNF grafting at 4 wt.% may 

result in wrinkling because of higher ionic interaction between the surface chains of polymers 

and grafted VGCNF. 

 

Fig.4.23 Topographical images of control and VGCNF membranes  
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Table .4.3. Topographical properties of control and VGCNF modified membranes 

Membrane Type Sa (nm) Sq (nm) Sy (nm) RMS (nm) 

Control 108 140 817 264.21 

VGCNF1 32 40 311 187.32 

VGCNF2 28 38 361 164.33 

VGCNF3 25 35 352 148.61 

VGCNF4 22 32 342 129.32 

VGCNF5 83 110 718 156.14 

 

4.3.6 RO Performance 

 The flux and salt rejection of all unmodified and modified membranes were calculated 

at a pressure of 600 psi for 8 hours with the concentration of 3.28 wt. % of MgSO4. The 

permeation flux and salt rejection values for all CA/HNT membranes are given in Table 3.3. 

CA/HNT 1 membrane showed a minimum value of flux of 4.7 L/h.m
2
 and salt rejection of 

58%. As the amount of HNTs in cellulose acetate was increased, the flux and salt rejection 

was increased, but to some extent as shown in Table 3.3. The membrane CA/HNT 4 which 

contains 40 mg of HNTs showed the maximum value of flux 5.67 and salt rejection 65%. The 

addition of more HNTs in the cellulose acetate resulted in the decrease in both permeation 

properties (flux & salt rejection) of CA/HNT 5 due to agglomeration as shown in Fig 4.22 of 

SEM micrographs.  

 Solution diffusion model is the best model which explains the membrane transport 

process. According to this model, there are three main steps involves in permeation through 

membranes i.e. sorption due to the surface, diffusion through membrane and desorption from 

the membrane [140]. It was seen that the HNTs has increased the hydrophilic nature of the 

membranes and hydrophilicity acted as a driving force for the increase in the permeability of 

the membrane. Moreover, the cellulose acetate has the ability to reject salt so the CA/HNT 4 

(Control) has a maximum value of flux and salt rejection.  

 On the basis of appreciable water flux and salt rejection, the membrane CA/HNT 4 

(Control) was selected for further modification with vapor grown carbon nanofibers 

(VGCNF). The varying amount of VGCNF was added to the blend system from 1 to 5 wt. % 

and the membranes were characterized and compared with the pristine membrane samples. 

The permeation data for all modified membranes is given in Fig. 4.24. According to the 

collected data, the amount of VGCNF is directly proportional to the flux and salt rejection 
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(SR) but up to 4 wt. %. The flux and salt rejection increased from 5.67 to 8 L/h.m
2
 and 68 to 

98.6 %, respectively for VGCNF4. The change in flux was not significant but the salt 

rejection was increased remarkably. For 5 wt. %, both flux and SR were slightly decreased 

due to the increase in surface roughness as shown in AFM results. The values of contact 

angle also confirmed the permeation results which are directly related to hydrophilicity and 

hydrophobicity of the membranes as shown in Fig. 4.21 

 

Fig. 4.24 Permeation Flux and Salt Rejection of Control and VGCNF modified membranes 
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Chapter     5 

5  Conclusions 

 The membrane systems were developed with detailed study in which poly vinyl 

alcohols (PVA), chitosan (CS) and cellulose acetate (CA) were the major polymeric 

materials. The correlation among permeation, selectivity and performance properties was 

examined in three (03) different polymeric membrane systems. Different types of fillers and 

crosslinkers were incorporated in these membrane systems and were compared to attain the 

best optimum membrane performance. The membrane systems were characterized via 

Fourier transform infrared spectroscopy (FTIR), differential scanning 

calorimetry/thermogravimetric (DSC/TGA), scanning electron microscopy (SEM), atomic 

force microscopy (AFM), chlorine resistance and biofouling studies.  

The following three (03) membrane systems are concluded separately, 

1. Development and performance characteristics of silane crosslinked poly(vinyl 

alcohol)/chitosan membranes for reverse osmosis 

 A series of PVA/CS membranes with different TEOS loadings were successfully 

developed by a solution casting method and used to separate water-salt solution by 

desalination. It was confirmed that by increasing the TEOS concentration, the hydrophilic 

character of the crosslinked membranes was increased continuously. The crosslinked 

membranes exhibited a lower degradation rate in comparison with the uncrosslinked 

membrane (PVCS) observed at different pH (3, 7.4 and 9). The crosslinking among PVA, CS 

and TEOS was confirmed by FTIR while SEM showed no phase separation in the condensed 

membranes. TGA showed an increasing thermally stable profile but the pristine membrane 

had the lower thermal stability. The crosslinked membranes presented an excellent 

desalination performance for separating salt solution. The permeation flux of water was 0.78 

L/m
2
hr for the pristine membrane (PVCS), but PVCS-4 showed optimal flux (1.84 L/m

2
h) 

and salt rejection (80 %) that confirmed the selective interaction of TEOS molecules with 

PVA/CS polymer backbone compared to the pristine membrane. It was concluded that 

crosslinking was an effective way to enhance the permeability of the PVA/CS membrane. 

The membrane permeability increased remarkably by increasing TEOS loading. The 

antibacterial results of the fabricated membranes inhibited the growth of E-coli effectively.  
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2. Cellulose acetate based thin film nanocomposite reverse osmosis membrane 

incorporated with TiO2 nanoparticles for improved performance 

 TiO2 nanoparticles were effectively incorporated into CA/PEG-400 to develop thin-

film nanocomposite reverse osmosis membranes. The thermal stability of the membranes was 

improved due to the addition of TiO2 as compared to the control membrane. The membrane 

CP-2 with maximum salt rejection was selected for modification with TiO2 nanoparticles. RO 

performance test confirmed that TiO2 modified membranes have high permeation flux and 

salt rejection. CPT-3 showed 95.4 % salt rejection compared with the control membrane 

(76.1 %). It can be concluded that the maximum salt rejection (95.4 %) exhibited by CPT-3 

membrane containing anatase phase (101) of TiO2 as confirmed by XRD. TiO2 modified 

membranes demonstrated a negligible chemical degradation profile as compared to the 

control membrane observed at different pH (3, 7.4 and 9). The optimum properties were 

obtained by the membrane having 15 wt% of TiO2. The growth of E-coli was inhibited 

effectively in the modified membranes by the incorporation of TiO2 nanoparticles. It was also 

observed that chlorine stability was improved in all modified thin film nanocomposite 

membranes. 

3. Radiation grafting of vapour grown carbon nanofibers (VGCNFs) on cellulose 

acetate (CA) @Halloysite nanotubes (HNTs) matrix membrane for MgSO4 

rejection. 

 A series of novel cellulose acetate membranes were prepared successfully via 

blending with HNTs and grafted VGCNF. The characterization techniques like FTIR, contact 

angle and degree of grafting (DG %) confirmed the functional groups, hydrophilicity and 

grafting % of VGCNF onto CA/HNT40 membranes. The DG% was 48% obtained for 

optimumVGCNF4 grafted membrane. The SEM observation of the VGCNF membranes 

revealed the improved microstructure of grafted membranes. Due to irradiation grafting of 

VGCNF existed in CA/HNTs40 membranes, the incorporation enhanced the hydrophilicity 

and permeation flux, compared to the control membrane. Besides, the dramatic increase in 

MgSO4 rejection percentage, the CA/HNTs @ VGCNF membranes showed excellent 

thermal stability. 

 In conclusion, the above three polymeric membrane systems, the improved selectivity 

and permeation flux were observed for radiation grafting of vapour grown carbon nanofibers 

(VGCNFs) on cellulose acetate (CA) @ Halloysite nanotubes (HNTs) matrix membrane 

system. On the other hand, silane crosslinked poly(vinyl alcohol)/chitosan membrane system 

showed good antibacterial property in membrane studies. 
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Future work 

Due to the climate change natural water resources are declining and over-exploiting, and 

plans such as water transport , water conservation and new Dam construction cannot meet the 

growing demand. In this study membrane systems were developed using chitosan, PVA and 

cellulose acetate for reverse osmosis technique. From future point of view the developed 

membranes can be used in combination with ultrafilteration, microfilteration and nano 

filteration.Their efficiency can be compared with the conventional ones. With some 

modififications these membrane systems can also be used for separation of heavy metal ions 

and other carcinogenic pigments and textile dyes, such as methylene blue, congo red. As well 

as separation and rate of flux can be studied for other salts like, KCl, Na2SO4, K2SO4  and 

MgCl2 . 
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