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Preface 

 

Polymer membrane based liquid and gas separation technique is an advent of 

new era in the field of science and technology due to their efficiency to 

separate the azeotropic mixtures and the separation of CO2 from air mixtures. 

The current research problem arises from the fact that conventional methods 

are not so effective to separate azeotropic mixtures as well as the separation 

of CO2 from gas mixtures in industries. Membrane based separation 

technique has established a strong platform for gas and liquid mixture 

separation in industries inorder to protect the environment. As compared with 

energy-exhausting conventional methods like distillation, the membrane 

separation technology reduces the consumption of energy remarkably. The 

conventional separation process leads to many environmental, economical 

and technical threats to the society. Trade-off behaviour between the 

permeability and the selectivity of polymeric membrane is one of the most 

predominant restrictions for the fabrication of high performance membranes 

in the field of separation. The incorporation of nanoscale inorganic moieties 

in organic polymers has been found to be one of the most important 

regulation methods to overcome the trade-off behaviour, and to maintain 

good mechanical strength, thermal and chemical stability to the membranes. 

Therefore, current research focused on the development of inorganic moieties 

embedded polymer membrane. It is an attempt to modify the stability, 

pervaporation and gas mixture separation performance of PVA by 

incorporating chemically modified polyhedral oligomeric silsesquioxane 

(POSS) particles and blending with polyethylene oxide (PEO). The hybrid 

POSS material can contribute excellent mechanical stability and separation 

property to polymers. The rigid silica core of POSS imparts enhanced 

mechanical strength, thermal and water stability while the versatile and 



adjustable outer functional groups on POSS provide good compatibilisation 

with PVA. The presence of ethylene glycol unit (PEO) in the PVA membrane 

enhances the affinity of membrane towards CO2 and water molecules. 

Strategy adopted for the modification of PVA membrane by the incorporation 

of POSS and blending with PEO leads to high performance PVA membrane 

to separate gas and liquid mixtures without sacrificing stability, permeance 

and selectivity during separation.  

The thesis entitled “Permeation Properties and Stability of Nanostructured 

Polyhedral Oligomeric Silsesquioxane Incorporated Poly(Vinyl Alcohol) 

Membranes” consists of nine chapters. Chapter one is a brief introduction 

about significance of the inorganic nanopartcle embedded polymer membrane 

in separation field. An updated survey of literature covering the transport 

theories, permeation properties of organic-inorganic hybrid membranes, 

properties of poly(vinyl alcohol) and polyhedral oligomeric silsesquioxane 

are presented.  At the end of this chapter motivation, objectives and scope of 

this work are explained. Chapter two provides comprehensive information 

of the materials, experimental methods and characterization techniques used 

for the fabrication of POSS embedded PVA membranes.  

Chapter three discuss the characterisation, mechanical and viscoelastic 

behaviour of PVA/POSS system. The objective of this chapter is to examine 

the effect of poly(ethylene glycol) (PEG) and anionic 

octa(tetramethylammonium) (Octa-TMA) functionalised POSS on the 

mechanical and viscoelastic behaviour of PVA membrane. The PVA-POSS 

chemical interaction, the membrane crystallinity, nature of dispersion of 

POSS in the PVA matrix are well analysed using various characterisation 

technique. Chapter four outlines the pervaporation separation of THF-water 

azeotropic mixture using PVA/POSS system. Chapter five provides an 

overview of the effect of cetyltrimethylammonium bromide (CTAB) 



modified Octa-TMA-POSS (m-POSS) on the properties of PVA membrane. 

Characterisation, mechanical properties and pervaporation performance of 

PVA/m-POSS membranes are discussed in this chapter.  

In chapter six the gas transport properties of PVA/POSS and PVA/m-POSS 

membranes are discussed and correlated with free volumes analysed by 

PALS measurements. Chapter seven deals with the properties of POSS 

embedded PVA-PEO blend membranes. In chapter eight the thermal 

degradation and water stability of PVA/POSS, PVA/m-POSS and PVA-

PEO/POSS membranes are analysed and discussed in detail. Chapter nine is 

the final chapter of this thesis work, which deals with overall conclusion of 

the major findings discussed in all other chapters followed by future outlook 

of research in this field. 
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1 

Chapter 1 

Introduction 

Membrane separation technology has so far been a rapidly developing area in 

the field of separation due to its economical and environmental advantages 

and their ability to overcome the limitations of conventional separation 

methods like distillation. Separation process is the main component in the 

manufacturing process in chemical industries. It is mainly aimed at the 

elimination of contaminants from factory effluent water and air, removal of 

contaminants from raw materials and purification of primary products. 

Development of polymer membrane based separation technique is considered 

to be one of the rewards to our world and it contributes a lot to our society. 

Membranes can be defined as a thin layer of semi-permeable material 

allowing the selective transport of one or more chemical component in 

contact with it.1-2 Membranesconsist of distinct thin interfaces that manage 

the permeation of chemical substances through it. According to Mulder, 

membrane is a selective barrier between two phases.3 Figure1.1 depicts the 

classification of membranes based on various criteria like origin, material, 

geometry, structural factors and applications. Conventional separation 

processes such as liquid-liquid extraction, distillation, adsorption and solvent 

absorption are energy-exhausting processes, that involve many complicated 

operations and produce many environmental, economical and technical issues 

as well as ineffective in separation of azeotropic mixtures. The membrane 

technology has demonstrated outstanding advantages over conventional 

separation methods, which include efficiency in separation, ease of 

processability, moderate cost, low maintenance necessity and low energy 

consumption. The membrane technology is an environment friendly method 
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where no additives are required and offers contaminant elimination without 

generating any hazardous by-products.4-8 

Table 1.1 presented the characteristics and classification of membrane based 

separation processes mainly based on the driving force, mechanism and 

nature of membrane (porous/dense). Separation includes microfiltration, 

ultrafiltration, nanofiltration, reverse osmosis (RO), membrane distillation, 

diffusion dialysis, electrodialysis, solvent extraction, pervaporation (PV) and 

gas separation. In the past few decades, polymeric membrane based 

separation and purification technologies have gained considerable research 

attention because of its remarkable applications in various fields such as 

medical, electronics and food industry. Physicochemical properties of the 

polymers and affinity of membranes towards penetrants are the important 

factors that determine the separation performance of the membrane. The rate 

of transport of liquid or gases through polymers is governed by number of 

factors, which includes driving forces (concentration gradients, temperature 

and pressure), features of permeating substance (molecular size, chemical 

nature, and molecular shape), properties of polymer membrane (free volume, 

physical aging, crystalline/amorphous structure and porous/nonporous 

structure) and  the composition of the feed mixture.9-13 The general features of 

membrane to exhibit efficiency in gas and liquid separation are, 

•  presence of amide or hydroxyl functionality 

•  degree of polarity (e.g., nitrile, chloride, fluoride, acrylic and ester) 

•  high chain stiffness and crystallinity 

•  inertness to the diffusing substance 

•  strong attraction or bonding between polymer chains 

•  high glass transition temperature (Tg) 
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Therefore, polymers such as polyimides, poly

polyamides, polyaniline, poly(dimethyl siloxane)and polycarbonatesare 

widely used for the fabrication of membranes for separation processes.

Figure 1.1: Classification of membranes 

Table1.1: Characteristics of various membrane separation processes

Process Transport 
mechanism 

Driving force

Micro 
filtration 

Sieving 
 

Pressure 
difference

Ultra 
filtration 

 

Sieving 
 

Pressure 
difference

Nanofiltration 
 

Solution 
diffusion 

 

Pressure 
difference

Reverse 
Osmosis 

 

Solution 
diffusion 

 

Pressure 
difference

Dialysis 
 

Diffusion 
 

Chemical 
potential

 
Pervaporation 

 

Solution 
diffusion 

 

Activity 
difference

Gas 
separation 

Solution 
diffusion 

Fugacity 
difference
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such as polyimides, poly(vinyl alcohol), polysulfone, 

(dimethyl siloxane)and polycarbonatesare 

widely used for the fabrication of membranes for separation processes.14-20 

 

lassification of membranes based on various criteria 

: Characteristics of various membrane separation processes 
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Pressure 
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The simplicity and cost-effectiveness of the membrane separation process 

makes it extremely attractive for industrialists and other scientific 

community. However, efficiency of the membrane is a major concern for its 

end use applications. For instance, membrane fouling is one of the major 

drawbacks associated with the membrane based liquid mixture separation. 

Several kinds of fouling has been observed in membrane system including 

crystalline, organic and microbial fouling. The attachment of solutes onto the 

surface or internal structure of the membrane results in fouling. 

Consequently, these materials block the transport of  solvent across the pores 

of the membrane, resulting in reduced selectivity, flux and overall service life 

of the membrane.21-24 A lot of polymers have been investigated for their 

separation performance but only a small number of pure polymer membranes 

are applied in industry for liquid and gas mixture separation. Therefore, 

current researches in polymeric membranes are focused on its performance 

i.e., better selectivity without sacrificing permeability and durability under 

the process conditions. Unfortunately, intrinsic trade-off behaviour between 

permeability and selectivity and decreased product purity are the major 

restrictions for development of high performance polymer membranes.25-28 

Moreover, plasticization and aging factors also significantly reduce the 

efficiency of separation. This drawback of the polymer can be overwhelmed 

by certain modifications. 

The development of high performance membranes by embedding nanoscale 

inorganic moieties in organic polymers have been found to be a successful 

strategy to overcome the limitation. 

1.1 Polymer modification 

Most widely used polymer modification strategies are grafting, blending, 

crosslinking, copolymerisation and nanoparticle incorporation.29-36 
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1.1.1 Grafting 

In this method, oligomeric chains are attached irregularly to the main chain of 

the polymer through chemical reaction or irradiation process. Grafting by 

chemical reaction can be achieved only if grafted molecule contains 

functional group and is capable to react with functional groups present in the 

polymer chain. In the case of insoluble polymer, irradiation technique such as 

free radical grafting, ionic grafting and photochemical grafting is usually 

employed to graft oligomer. For instance; the mechanism of free radical 

grafting in three different ways are shown in Figure 1.2. As shown in Figure 

1.2 (a), in pre-irradiation method: polymer (P) is initially irradiated in 

vacuum to form free radical, then the monomer (M) is treated with the 

irradiated polymer in a suitable solvent. The second method is peroxidation 

grafting (Figure 1.2 (b)), here polymer is first converted to hydroperoxides 

or diperoxides by the application of high-energy radiation in presence of air 

followed by the high temperature treatment of the formed stable peroxides 

with monomer to decompose the peroxide to radicals and it then starts 

grafting. Figure 1.2 (c) shows the mutual irradiation method: both the 

monomer and polymer irradiate together and produce free radicals, following 

the addition process.37 

 

Figure 1.2: The mechanisms of free radical grafting 

(c) 
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1.1. 2 Blending:  

Blending of polymers is an efficient technique to produce material with 

optimum properties such as hydrophilicity, high selectivity and permeance 

together. Yave et al. fabricated Pebax®/PEG blend membranes for CO2 

separation. They achieved good permeability and selectivity for CO2 due to 

the presence of highly CO2-philic PEG plasticizer, which will enhance the 

free volume and chain mobility of polymer.38 Zereshki et al. examined the 

pervaporation performance of poly(lactic acid)/poly(vinyl pyrrolidone) blend 

membranes for the separation of ethanol/ethyl tert-butyl ether azeotropic 

mixture, the membrane shows good flux and satisfactory selectivity during 

separation performance.39 The separation performance of polymer blends are 

mainly controlled by its phase behaviour, ie; miscible or phase separated. In 

miscible blend, equation (1.1) is applied to predict the permeability, 

          2211 lnlnln PPPb                                          
(1.1) 

where 1 and 2 are volume fraction of polymer components 1 and 2 in the 

polymer blend. 1P , 2P and
bP are permeability of polymer 1, 2 and blend 

respectively. 

Phase separated blend membranes permeability expression is quite complex 

because the continuous phase changes from polymer 1 to polymer 2. Hence 

there are many models developed for their expression such as parallel 

(eq.1.2), series (eq.1.3), Maxwell’s (eq.1.4) and equivalent box model (EBM) 

(eq.1.5). First three models consider that one phase is entirely continuous 

whereas EBM model is based on co-continuous morphology 

                          2211 PPP b                                  
(1.2) 

                    )/( 122121 PPPPPb                              
(1.3) 
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Maxwell’s model can be applied for dispersed phases with spherical nature, 

where 
dP  and 

d  are dispersed phase permeability and volume fraction. 
mP

is the permeability of matrix phase. 
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where
sss 21    

;)]1/()[( 1

1111
T

crcrp  
ps 111    

2)]1/()[( 2222
T

crcrp  
ps 222    

cr1 and
cr2 represent critical threshold percolation values of polymer 1 and 2. 

T1 and T2 indicate polymer components critical percolation exponents.40 

Different models are schematically presented in Figure 1.3.41 

 
Figure 1.3: Various permeability models of phase separated blend.41 
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1.1.3 Cross-linking 
 
The reason for introducing crosslink in macromolecular chains is to reduce 

degree of swelling, resist solubility of polymers in the feed mixture, to 

suppress the  plasticization  phenomenon during  pervaporation and gas 

separation processes and finally to enhance selectivity. Tortuous path is high 

in crosslinked polymer matrices during mass transport. Crosslinking of 

polymers can be carried out mainly through three methods, which includes 

chemical (two polymer chains are connected through chemical compound), 

physical and irradiation process. Vanherck et al. reviewed the features of 

different crosslinking methods and its effect on the properties of polyimide 

membranes.42 

1.1.4 Copolymerisation 

Unlike polymer blends, in copolymerised systems, covalent bonds exists 

between two polymer components, which will enhance the overall properties 

of the polymer. This technique can be employed for the synthesis of random, 

graft and block copolymers. Degree of crystallinity is a major characteristic 

of copolymerisation. Random copolymers produce materials with fully 

amorphous nature whereas graft copolymers produce materials with definite 

degree of crystallinity. For the PV application, it is necessary to have a 

polymer with some extent of crystallinity to achieve high selectivity.43 

1.1.5 Nanoparticle incorporation 

Nanoparticle incorporation in polymer matrix has been an efficient path for 

enhancing the polymer membrane performance for a wide range of processes, 

such as gas separation and pervaporation. As the particle size reduces, the 

number of atoms on the particle surface increases leading to exceptionally 

high interfacial area in composites. The particles might enhance the polymer 

permeability, diffusion rate, permselectivity, tensile strength and fouling 

resistance.44-47 Filler characteristics (size, volume fraction, surface area and 
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agglomeration), method of incorporation of nanoparticle in polymer matrix 

and the interaction between polymer matrix and filler particle are the crucial 

factors that determine the transport properties of polymeric nanocomposites.  

The interaction existing between nanoparticle and organic polymers may be 

strong chemical (covalent/co-ordination/ionic bonds) or weak physical (van-

der-Waals force/ hydrogen-bonds/ hydrophilic-hydrophobic balance) 

interactions.48 Schematic representation of different types of polymer-filler 

interactions are shown in Figure 1.4. The interfacial interaction between 

polymer and inorganic filler and the nature of dispersion of the nanofillers in 

the polymer matrix are the important factors that control the reinforcing 

efficiency of nanoparticle in the polymer matrix. The major issue 

encountered by researchers in the fabrication of inorganic–organic systems 

are in the mixing between two dissimilar phases because the nanoparticles 

usually tend to aggregate in polymer matrix, inorder to reduce very high 

surface energy. This particle aggregation reduces the mechanical and other 

properties of the resulting material. This problem can be addressed by using 

functionalised polymers or surface modified inorganic particles with 

appropriate organic groups.49-50 The surface modification of particle can be 

achieved through grafting and in situ functionalization during their 

development (Figure 1.5). Organic modification of inorganic nanoparticle 

made it more compatible with the polymer matrices. The improved interface 

between particle and polymer system leads to the improvement in 

mechanical, transport and other properties of polymer.51-54 
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Figure 1.4: Schematic demonstration of various methods for the 
incorporation of inorganic materials in polymer systems, 
where organic and inorganic phases are linked via (a) 
covalent bonds and (b) van der waals force or hydrogen 
bonds. 

 
Figure1.5: Surface modification of nanoparticle through grafting and in situ 

functionalization. 

Semsarzadeh et al. synthesized silica particles through in-situ method using 

tetraethoxysilane (TEOS) precursor in the presence of poly(vinyl 

alcohol)(PVA) and cetyltrimethyl ammonium bromide (CTAB) as templating 
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agents (Figure 1.6).55 The prepared particles were incorporated into 

polyurethane (PU) membrane by solution casting method. This membrane 

exhibited enhanced CO2 solubility in PU as compared with pristine PU due to 

the presence of polar hydroxyl groups in PVA template and in silica particle. 

Khoonsap et al. synthesised a membrane by incorporating poly(2-

hydroxyethylmethacrylate) (PHEMA) grafted fumed silica (FS) in PVA 

matrix.56 The membrane has been employed for the pervaporation separation 

of water-acetone mixture, and found that the membrane exhibit higher water 

permeation and selectivity over unmodified FS doped PVA membrane. 

 

Figure 1.6: The illustration of (a) formation mechanism (b) schematic flow     
diagram, for the preparation of silica particle from TEOS 
precursor in the presence of PVA and CTAB as templating 
agents.55 

  



Chapter 1                                                                                                   Introduction 
____________________________________________________________________ 

_________________________________________________________ 
12 

1.2 Theory of transport phenomena 

1.2.1 Transport through dense membranes: Solution-diffusion 

mechanism 

The transport of liquid and gas mixtures across the non-porous dense 

polymeric membranes are based on the solution diffusion mechanism 

introduced by Thomas Graham and afterwards Paul and Koros.57-58 The 

process occurs in three steps and is schematically presented in Figure 1.7.59-62 

(i) sorption of solute in the upstream face of the membrane surface 

(ii) diffusion of permeate across the membrane based on gradient of 

concentration 

(iii) desorption of permeate from the downstream surface of the 

membrane  

 

Figure1.7: Schematic illustration of solution diffusion mechanism. 

Chemical potential or concentration gradient between upper and downstream 

side of the membrane is the basic driving force for separation, which is 

created by the application of partial pressure difference to the diffusing 

species across the membrane. The application of vacuum pump or an inert 

purge on the downstream permeate side of the membrane helps to establish 

the partial pressure difference. In this process, second step (diffusion) is the 
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rate controlling step. The product of diffusion coefficient ‘D’ (kinetic factor) 

and solubility coefficient ‘S’ (thermodynamic factor) parameters gives the 

permeability (P) of the membrane. Morphology, mobility of polymer chains, 

free volume, orientation of additives and the penetrant-polymer interaction 

are the major factors that control the diffusion and permeation properties of 

polymer membranes.63, 47 

Sorption: Sorption is a concomitant term for adsorption (physical process) 

and absorption (chemical process), in which one substance takes up another. 

Generally thermodynamic sorption expresses penetration and dispersal of 

permeant species into the membrane. Sorption coefficient (S) depends 

strongly on the interactions between penetrant and the polymer. S is the ratio 

of weight of the solvent taken up at equilibrium swelling (
M ) to the weight 

of the membrane at initial stage (
0M ) and is given by the equation, 

                             0/ MMS                                       
(1.6) 

Crystallinity, free volume, swelling degree and glass transition temperature of 

the polymer membrane are the important factors that influence the sorption 

performance of the polymer membrane.64-66 

Sorption ability of the membrane gets reduced with increasing crystalline 

regions in the membrane. Porous membrane exhibit selective sorption of 

molecules based on their size while in the case of nonporous membrane, it is 

based on the affinity or interaction of membrane towards gas or liquid 

molecules. 

Diffusion: Diffusion is a kinetic parameter and in the process molecule is 

transported between different regions of polymer phase by random molecular 

motions. 
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Fick’s first and second laws of diffusion explains the steady state and non-

steady state diffusion processes.67-68 Fick’s first law expressed the relationship 

between gradient of concentration (
x

C




) in the membrane and flux of the 

diffusing species at steady-state condition, 

                  x

C
DJ



                                                    (1.7) 

C indicates concentration of diffusing species, J is the flux, D (cm2/s) 

corresponds to diffusion coefficient/diffusivity and x is the thickness of the 

membrane. At nonsteady-state condition, Fick’s second law is applicable, 

                  
2

2

x

C
D

t

C









                                               (1.8)

 

where
t

C




is the rate of change of permeant concentration at any point in the 

membrane. In the case of nonsteady-state condition, the concentration 

gradient across the membrane varies with time, but second law is derived by 

assuming that the membrane is isotopic, flow is unidirectional and D is a 

constant independent of concentration (C), time (t) and distance (x). Fick’s 

law of diffusion is generally applied for rubbery polymers. While in glassy 

polymers, non-Fickian kinetics for diffusion is generally applied.69-70 

Diffusivity (D) is measured from the following equation, 

                     

2

)
4

(



Q

h
D




                                            

(1.9) 

where is the slope of the initial linear portion of the sorption curve %tQ  

against square root of time. Q is the number of moles of liquid sorbed per 
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gram of sample  at equilibrium and h is the thickness of the sample. The S 

and D are the two important terms explain the permeation process. The 

permeation coefficient (P) is the product of the D and S (P = D xS) 

1.2.2 Liquid mixture separation using porous membrane: Pore-flow 

model 

In 1991 Okada and Matsuura have introduced pore-flow model for 

pervaporation. This model assumes that in the membrane a selective layer 

contains a bunch of straight cylindrical pores through which transport of 

molecules takes place under an isothermal condition. The driving force for 

the separation of permeant is the difference in pressure over the membrane 

which leads to phase change for liquid permeate to vapour state across the 

transport in the membrane. In the pores of the membrane filtrate one 

component from the feed and other component is preferentially sorbed by the 

membrane, which move across the membrane through capillary flow 

mechanism.71-72 The flux equation for pore-flow model is given below 

))](()()([ 2
,

2
,

2
,

2
,, jjijpjfj

j

pifi
i

mixsatf MxMxPP
z

B
PP

z

B
PP

z

Q
J  (1.10) 

where J is the total flux, Pf is the pressure of permeate in the membrane pore’s 

inlet, partial pressures on the feed and permeate side of the component ‘i’ is 

represented by fiP,  and piP, respectively, M is the molecular weight, Z is 

thickness of the membrane, Q is a constant, Bi and Bj are the membrane 

selectivity of ith and jthcomponent. 
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1.2.3 Porous membrane gas mixture separation mechanism:  Poiseuille 

flow, Knudsen diffusion and Molecular sieving  

Poiseuille flow, Knudsen diffusion and molecular sieving are three important 

mechanisms employed to analyse gas mixture separation performance of the 

membrane based on the diameter of gas molecule and free volume radius of 

the membrane. 

Poiseuille flow mechanism is applied in porous membranes with membrane 

pore radius (r) is greater than 5 µm and r4 proportional to permeate flux. If the 

gas molecules mean free path (λ) is lower than ‘r’, gas molecule undergoes 

the viscous flow or Poiseuille.3,73 Expression for the mean free path is, 

                 WM

RT

p 22

3 
                             (1.11) 

where
WM  is the molecular weight of gas molecule, T is the temperature, R is 

the universal gas constant,   is viscosity of gas molecules and p  is pressure. 

Knudsen diffusion predominated, when the gas molecules mean free path (λ) 

is greater than r of membrane. This mechanism mainly occurs in a membrane 

having 5-10 nm range pore diameter. In this mechanism transport occurs due 

to the higher interaction of gas molecules with surface of the pore.74 The 

equation for Knudsen diffusion coefficient (Dk) is, 

               W

k
M

T
rD 97                             (1.12) 

Molecular sieving mechanism is employed in porous membranes when 

membrane pore radius (r) is less than 4 nm and very small molecules are 

selectively transported across the membrane. The membranes with high 
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selectivity during gas separation can be potentially explained using this 

mechanism. Molecular sieving mechanism is applied in carbon molecular 

sieve and zeolite membranes when used in gas transport study. 

1.3 Factors affecting transport properties of the polymer membrane 

Permeability and solubility of gases or liquids vary with the nature of the 

polymer and permeants. There are many key parameters that has great 

influence on the transport of gas or liquid molecule across the polymer 

membrane such as polymer chain mobility, amount of free volume within the 

membrane, crystallinity, molecular weight, glass transition temperature (Tg), 

nature of cross-links, penetrant feature, composition of the feed, casting 

solvents employed for membrane fabrication, temperature, polarity of 

permeant and affinity of membrane towards diffusing molecule.75-77 

Yampolskii has reported the relation between structure and transport of 

various polymeric systems.78 

1.3.1 Effect of free volume 

Free volume in a polymer can be defined as volume of the total mass, that is 

not occupied by polymer chains themselves and hence diffusing molecules 

can be situated there. It can generally be said to the gap or pores occupied 

between the chains of polymers. The direct examination of pore in the 

membrane is impossible because the gaps are occur at molecular scale. The 

schematic representation of the free volume in a polymer is shown in Figure 

1.8. It is an intrinsic, transient and dynamic property. The physical state and 

density of the polymer greatly influence the free volume properties of 

membrane. The process of reduction of excess free volume in the membrane 

can be referred as physical aging, which originates from the lattice 

contraction and diffusion of the free volume from membrane interior to the 

surface.79 
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Figure 1.8: Schematic representation of the free volume in a polymer 

The diffusion ability of membrane can be described by free volume theory 

and molecular model. According to free volume theory, diffusion is occur in 

polymer due to the random redistribution of free volume voids. On the other 

hand, molecular model describes diffusion as a thermally activated 

phenomenon. This parameter reflects the movement of polymer chains and 

hence it has strong influence on gas or liquid molecule transport and the 

overall performance of the membrane. The diffusing molecule can travel 

distances lesser than the diameter of the void itself. These voids are termed as 

free volume elements (FVE) or “holes” and its sum is termed as free volume. 

FVE in a polymer randomly form and dieout because of the possibility of 

thermally activated chain motion or molecular oscillation in them. Free 

volume in the membrane decreases with increase in the intermolecular 

cohesion. The diffusing molecule pass one FVE to another based on the size 

of cavity sufficient to occupy the molecule.80 

1.3.2 Nature of polymers 

The permeation properties of polymers differ from one to another. The 

polymers internal composition is a key factor that influence the permeation 
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process of polymers. Polar polymers show strong affinity or increased 

diffusion towards permeant gas with polar groups. Strong interaction between 

polymer and permeating molecule also cause swelling, partial dissolution or 

crazing of the polymer. High degree of unsaturation in polymers results in 

reduced diffusion. 

Glass transition temperature, crystallinity and molecular weight of polymers 

play a vital role in diffusion process. As the crystallinity, Tg and molecular 

weight of polymer increases permeation decreases. The distribution and 

number of voids in the polymers have great influence in the permeability.81-83 

The presence of crystalline phase opposes the diffusion of permeant species. 

A polymer contains both crystalline and amorphous regions, wherein 

amorphous region shows higher permeability due to the presence of higher 

amount of fractional free volume. However, in the crystalline region 

permeability is less due to uniform rigid chain packing. Both crystalline and 

semicrystalline materials are usually found in packaging applications due to 

their ability to prevent permeation of molecules. Glass transition temperature 

(Tg) of the polymer has a significant influence on the transport properties. As 

Tg decreases the diffusion coefficient of the permeant increases due to high 

segmental motion, which leads to high fractional free volume. The number of 

chain ends represents the degree of discontinuity in the polymer chain, which 

means that chain ends decreases with increase in polymer molecular weight, 

Therefore, as the molecular weight increases the sorption sites within the 

polymer decreases.  

1.3.3  Nature of filler particles 

Nanoparticles are usually added to polymers to improve properties. The 

nanofiller either improve or reduce transport properties of polymers, which 

depends on polymer-filler interaction and nature of filler.  Uniform dispersion 

of fillers in the polymer matrix has a major role in the permeation of 
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molecules because of the increase in the tortuosity of path for permeating 

molecules and decrease in the permeation crosssection. Generally, inorganic 

particles resist and organic particle facilitate permeation properties of 

polymer membrane. The shape of the filler is another key factor that plays a 

vital role in influencing the barrier property. Platelet fillers exhibit high 

barrier property due to the long diffusion pathway. The parallel orientation of 

nanofillers with respect to diffusing molecule in the matrix will increase the 

permeation whereas perpendicular orientation reduces the permeation.84-86 

Nanoparticle embedded polymer matrix reduce their free volume and creates 

a tortuous path for the diffusing molecules. In the reverse case, incompatible 

nanoparticle introduced polymer matrix, creates voids at the interface and 

increases free volume of the polymer matrix.  

1.3.4 Effect of temperature 

Temperature has vital role in the permeation of gas/liquid molecule across the 

polymer membrane. As the temperature increases, mobility and flexibility of 

polymer chain increases, which will result in more free volume and easier 

diffusion of molecule across the membrane. The temperature has significant 

effect on selectivity; selectivity decreases with increase in temperature. 

As the temperature increases free volume increases due to the thermal 

expansion and reduced density in the membrane, consequently permeation 

increases. 

The relationship between solubility coefficient (S) and temperature is, 

                
]exp[0

RT

H
SS S


                                          

(1.13) 
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Similarly, Arrhenius equations express the relation between temperature and 

diffusion coefficient (D), 

                   
]exp[0

RT

ED
DD 

                                       
(1.14) 

where ED corresponds to energy barrier to diffusion. 

1.3.5 Nature of penetrants 

Generally shape, size, molecular weight and phase of the penetrants have 

strong effect on permeation property of the polymer. As the size of gas/liquid 

penetrant molecule increases, diffusivity of molecule decreases. Diameter of 

molecule in the gaseous or liquid mixture is also an important factor that 

influences the transport. It is usually observed that, those components in the 

feed with small molecular dimension are highly permeable across the 

membrane.87-88 

1.3.6 Degree of crosslinking 

It is an important factor that influences the membrane selectivity. Generally, 

higher level of cross-linking between the polymer chains results in higher 

membrane selectivity. Crosslinked polymer can attain high strength and 

stability due to compact network structure, resulting in reduced swelling.89 

1.4 Applications of permeation properties of polymers 

1.4.1 Food packaging 

The use of polymer based food packaging material in market is a major area 

of research over a decade since the safety of food is essential during its 

storage and transportation. The food packaging material requires good 

oxygen and water vapour barrier properties inorder to preserve the product 

quality from adverse physico-chemical changes due to oxidation and 

hydrolysis reactions. However, CO2 permeation actually suppresses the 
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degradation of product and enhances its shelf life. In accordance with 

environmental condition, proper fabrication of polymer membrane is 

necessary inorder to ensure the food quality during storage. Oxygen 

permeability coefficient (OPC) is a parameter to calculate oxygen barrier 

properties of a packaging material. The correlation between OPC with 

oxygen transmission rate (OTR) is given in the equation below, 

                P

lOTR
OPC




.
                                         (1.15) 

Where P is the partial pressure difference of the oxygen across the 

membrane (in pascal) and l is the thickness of the membrane. 

Lim et al. synthesised hybrid films of cross linked poly(vinyl alcohol) 

(PVA)/boric acid with a 22.8% suppression in the OTR and significant 

improvement in water resistance at 1wt% of BA loading.90 

1.4.2 Membrane separation 

1.4.2.1 Electrodialysis and reverse osmosis 

Electrodialysis is a process of demineralization of water and other fluids by 

applying a constant electric field and using ion-selective membranes. The 

process is not a cost effective method because huge amount of electricity is 

required with increase in the ions present in the fluids. Ion-exchange polymer 

membranes with ionogenic group can seize and exchange ions during 

demineralization of water. The membrane quality, efficiency, chemical 

stability and mechanical strength are the key factors that affect the 

electrodialysis process.91 

Membrane based reverse osmosis (RO) process is applied for the separation 

of saline water by the application of pressure higher than the osmotic pressure 

on the feed side of semipermeable membrane, resulting in the diffusion of 

fresh water occurs in the opposite direction of osmotic flow. This process 
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require low amount of energy as compared to distillation for the separation of 

dissolved substance in water.92 

1.4.2.2 Pervaporation 

Pervaporation (PV) is an important energy efficient, chemical potential or 

activity-driven membrane based green separation technique. It has found 

great application in many industrial scenarios for dehydration of organic 

solvents, separation of organic-organic mixtures, structural isomers, mixture 

containing close boiling constituents or azeotropes and water purification. In 

PV technique, liquid mixture is separated by partial vapourization using a 

dense nonporous or porous polymer membrane. Vapour and liquid phases are 

involved in the technique. Liquid phase exists at the feed side which undergo 

phase transition to vapour in the permeate side. Physical structure and 

intrinsic properties of the membrane, feed mixture interaction and affinity of 

feed components towards the membrane are the important parameters that 

control the PV separation. Azeotropic mixture separation through currently 

existing distillation technique is difficult to be made possible without adding 

additional entrainers.93-98 Now a days, existing separation processes are not 

effective for the separation of water from organic solvents due to its high 

energy cost. Pervaporation process effectively overcomes the drawback. 

Hydrophilic membranes are usually employed for the solvent dehydration, 

which preferentially allow water diffusion across the membrane.  Membranes 

with glass transition temperature above room temperature are usually 

employed for this purpose. There should be a specific interaction between 

membrane and water, which is the key factor accountable for the separation 

of water. To attain high water selectivity, it is very necessary to have an 

active functional group in the polymer to interact with water. Dipole-dipole, 

hydrogen bonding and ion-dipole interactions are the mostly existing 

chemical interaction between the hydrophilic membranes and water.99-100 

Hydrogen bonding interactions are observed in poly(vinyl alcohol) (due to 

the presence of hydroxylic group), cellulose acetate (due to the presence of 
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carboxylic groups) and polyamides (due to the presence of imide/amide 

groups) with water. The materials such as Nafion (ion exchange membranes), 

quarternized ammonium group containing materials, chitosan and cellulose 

sulfate (polyelectrolyte complexes) exhibit ion-dipole interaction with water. 

Shan et al. synthesised high performance superhydrophilic membrane using 

(poly(acrylic acid)/poly(ethyleneimine))n/polyacrylonitrile polyelectrolyte 

membrane through the biomineralization of calcium carbonate onto the 

membrane by spray-assisted technique. Ethanol-water mixtures can be 

separated using the membrane by overcoming the trade off relation between 

selectivity and permeability. The membrane exhibited 98.8 wt% water 

content and 1317 g/(m2 h) flux in the permeate for the 95% ethanol/water 

mixture feed. While the pure electrolyte membrane shows only 95.1wt%  and 

275 g/(m2h) water content and flux in the permeate respectively.101 

In 1917, Kober invented the term pervaporation (PV) and the word is 

originated from the combination of terms permeation (P) and vapourisation 

(V). Schematic representation of  PV process is  shown in Figure 1.9, the 

membrane selectively permeate and evaporate a particular component from 

the liquid feed than its counterpart, finally the permeated component pass 

through the membrane and change its phase from liquid to vapour. Among 

the component in the feed which gets preferentially absorbed and diffused 

through the membrane and condense at the otherside of the membrane is 

called the permeate. The preferential transport of one component is caused by 

the vacuum applied on other side of the membrane. The component that can 

not pass across the membrane is called retentate.102-107 Generally, dense 

polymeric membranes are employed for the PV separation of liquid mixtures. 

High mechanical strength, chemical resistance and sorption capacity are the 

essential requirements for the membrane for the efficient liquid mixture 

separation application. Molecule with high affinity to the membrane will 

preferably diffuse across the membrane. During PV, feed component 

undergoes solubility and diffusivity process in the polymer membrane. 
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Solubility parameters are employed for the qualitative analysis of solubility 

of feed components in the membrane. Hansen solubility parameters describe 

solubility of feed components in the membrane and it can be expressed as 

follows,108 

      
2222
phd 

                                        
(1.16) 

where d , h and p are corresponding contributions of dispersive, hydrogen 

bonding and polar interactions. The equation given below shows the 

interaction or affinity between two components. 
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where decreases with increase inaffinity between two components. 

The solubility of organic solvent in a polymer membrane can be well 

described by Flory-Huggins, 

                  
2
3

33
3,

])1ln([







i                        (1.18) 

where 3,i parameter indicates the binary interaction between the polymer and 

the components. Components are indicated by i and volume fraction of the 

polymer is indicated by
3 . The increase in interaction between penetrant and 

polymer leads to increase in amount of liquid entering into the polymer, 

which will reduce 3,i . Polarities of membrane and feed components have 

significant effect on separation performance. The polarity of membrane and 

particular component in the feed should match for the separations to be 

easier. 
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Figure 1.9: Schematic representation of pervaporation process

1.4.2.2.1 Dehydration of alcohols and 

Ethanol, isopropanol (IPA) and tetrahydrofuran (THF) form an azeotrope 

with water at 96, 88 and 94.7 wt% in mole fraction respectively. Chemicals 

like cyclohexane are required in the conventional distillation process for the 

complete liquid mixture separation. The addition of 

as an entrainer can lead to impurity in one component and is difficult

isolate. Thus, membrane based pervaporation (PV) has been turned as a 

promising alternative technique for the efficient separation of these 

azeotropes without requiring additional entrainers.

Magalada et al. studied the PV separation performance of ethanol

azeotropic mixture using phosphomolybdic acid (PMA) loaded poly (vinyl 

alcohol)–poly (vinyl pyrrolidone) blend membrane. The 

exhibit very low selectivity while upon the addition of 4wt% of PMA its 

selectivity increases significantly.110 

Isopropanol (IPA) is a non-toxic and rapidly evaporating alcohol produced 

through microorganism's fermentation as well as from water and propene 

reaction. It is an extensively used solvent in various industrial applications 

such as intermediate for the synthesis of vitamin B

rubbing alcohol, employed as an  additive in disinfecting pads and as a 
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lcohols and tetrahydrofuran(THF) 

etrahydrofuran (THF) form an azeotrope 

with water at 96, 88 and 94.7 wt% in mole fraction respectively. Chemicals 

required in the conventional distillation process for the 

complete liquid mixture separation. The addition of carcinogenic chemicals 

as an entrainer can lead to impurity in one component and is difficult to 

isolate. Thus, membrane based pervaporation (PV) has been turned as a 

promising alternative technique for the efficient separation of these 

dditional entrainers.109 

studied the PV separation performance of ethanol-water 

azeotropic mixture using phosphomolybdic acid (PMA) loaded poly (vinyl 

poly (vinyl pyrrolidone) blend membrane. The nascent membrane 

while upon the addition of 4wt% of PMA its 

toxic and rapidly evaporating alcohol produced 

through microorganism's fermentation as well as from water and propene 

n extensively used solvent in various industrial applications 

such as intermediate for the synthesis of vitamin B12, isopropyl acetate and 

rubbing alcohol, employed as an  additive in disinfecting pads and as a 
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powerful cleaner in electronic devices.  Everyday, large quantity of IPA is 

produced as a bye-product from various industries. Hence, recycling and 

reusing of IPA is found to be an essential factor.111 Zhang et al. reported PV 

separation of IPA-water system using poly (vinyl alcohol)-silicone hybrid 

membranes. γ-aminopropyl-triethoxysilane (APTEOS) is used as a precursor 

for the preparation of PVA/silicone membrane. The membrane exhibited high 

water permselectivity and flux concomitantly as compared with pristine PVA. 

The membrane exhibited separation factor of 1580 and permeation flux of 

0.0265 kg/m2h at 5wt% of APTEOS for PV separation of isopropanol (90 wt 

%)–water system.112 Amirilargani et al. synthesised zeolitic imidazolate 

frameworks (ZIF-8) nanoparticle and it is introduced into the PVA matrix. 

The PVA/ZIF-8 membrane is employed for the separation of IPA-water 

mixture. The membranes show improved permeance without much reduction 

in the separation factor.26 

THF is aexpensive volatile polar aprotic solvent frequently used in many 

chemical processes including pharmaceutical products, synthesis of drug, 

adhesives, paints and inks due to its high dissolving power for non-polar and 

polar species. Recycling of highly pure THF is very essential to overcome the 

economical and environmental challenges. It is very difficult to separate 

highly pure THF especially from water. Usually, it is separated by multistage 

distillation process. The distillation process possess many environmental, 

economical and technical challenges including explosion due to the reaction 

of THF with atmospheric oxygen. The distillation separation of THF-water 

azeotropic mixture needs a third component (entrainer), which lead to 

contamination during the separation of THF. The pervaporation technique is 

a suitable alternative for distillation separation of THF. 

Zhang et al. studied the PV dehydration of THF (90wt%) using 

polysilsesquioxane (PSS) incorporated PVA membrane. The PSS 

introduction in PVA membrane improves its hydrophilicity, reduce 

crystalline region and overcome the inverse relation between permeance and 
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selectivity. At 2wt% loading of PSS, the membrane achieve maximum 

separation factor (1810) with improved flux.113 

1.4.2.2.2 Literature review on pervaporation study of PVA based systems 

Poly(vinyl alcohol) (PVA) is an extensively used membrane for PV 

dehydration of organic solvents. However its swelling nature in aqueous 

solutions leads to poor water permselectivity, stability and mechanical 

properties. To solve these limitations, many modification strategies including 

crosslinking, introducing inorganic nanofiller and blending with other 

polymers are employed. 

Zhang et al. successfully prepared PVA/1,2-bis (triethoxysilyl) ethane 

(BTEE) hybrid membrane for the dehydration of ethanol through PV process. 

The hybrid membrane exhibit reduced swelling, improved separation 

performance and high thermal stability.114 Premakshi et al. synthesised an 

anion-exchange membrane from PVA and AESP ammonium functionalised 

silica precursor by sol–gel technique. The membrane has been applied for the 

PV dehydration of 10 mass% of water containing isopropanol mixture and 

achieved maximum separation factor (2991) and 10.76x10-2 kgm-2h-1flux. The 

membranes overcome the trade-off effect between permeance and 

selectivity.115 Das et al. analysed the effect of various crosslinking agents 

(oxalic acid (OA), dimethylol urea (DMU), glutaraldehyde (GLU) and tetra 

ethyl ortho silicate (TEOS))and fillers on the IPA-water azeotropic mixture 

pervaporation separation performance of poly (vinyl alcohol) membranes. 

Figures 1.10 represents the crosslinking reaction of PVA with various 

crosslinking agents. Among this, 2wt% GLU crosslinked PVA exhibit 

optimum PV performance and hence aluminosilicate filler was introduced to 

the system. GLU crosslinked PVA system with 6wt% aluminosilicate exhibit 

optimum PV performance.32 
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Figure 1.10: Crosslinking of PVA with (a) o
urea (DMU) (c) glutaraldehyde (GLU)
silicate (TEOS).32 

Recently Narkkun and co-workers reported a double network (DN) PVA 

nanocomposite membrane for PV dehydration of 90

constructed from two PVA networks by sequential method.

formed by crosslinking of high molecular weig

nanospheres (SNS) and second network is formed from low molecular weight 

PVA (LPVA) by thermal crosslinking. The membrane exhibit improved 

mechanical property, crystallinity, water selectivity

The presence of SNS in PVA-DN membrane strongly enhance

permselectivity as compared with pure HPVA

fabricated poly (vinyl alcohol)-g-poly (N

membrane for the pervaporation separation of azeotrope of I

(c) 

(a) 
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workers reported a double network (DN) PVA 

rane for PV dehydration of 90wt% ethanol. The DN is 

networks by sequential method. First network is 

formed by crosslinking of high molecular weight PVA (HPVA) with silica 

nanospheres (SNS) and second network is formed from low molecular weight 

PVA (LPVA) by thermal crosslinking. The membrane exhibit improved 

water selectivity and maintained swelling. 

DN membrane strongly enhance its water 

permselectivity as compared with pure HPVA-DN.116 Kursun and Isıklan 

poly (N-isopropylacrylamide) co-polymer 

membrane for the pervaporation separation of azeotrope of IPA-water 

(b) 

(d) 
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system. The membrane attained a separation factor of 95 and flux of 0.011 

kg/m2 h at 40oC.117 

Shirazi and co-workers reported PV dehydration of IPA (10 wt% water-in 

IPA-water mixture) using PVA/carbon nanotube (CNT) nanocomposite 

membrane system. The maximum separation selectivity of 1794 has been 

achieved for PVA membrane at 2wt% of CNT incorporation. It can be 

attributed to the rigidification effect of CNT in PVA matrix by reducing 

polymer free volume, resulting in reduced flux and improved selectivity. 

However, at higher loading (4wt%) of CNT in PVA resulted in improved flux 

and reduced selectivity due to the agglomeration of CNT in PVA matrix, 

thereby free volume and flux of PVA membrane get increased.118 Olukman 

and Sanl reported Fe3O4 nanoparticles incorporated in 2-hydroxyethyl 

methacrylate (HEMA) and acrylonitrile (AN) grafted PVA membrane (PVA-

g-AN/HEMA-Fe3O4) for PV dehydration of acetone. The membrane 

exhibited improved separation factor on increasing the acetone concentration 

in the feed. The maximum separation factor of 120 was achieved at 80 wt% 

acetone concentration in the feed.119 

Recently, Wu et al. synthesised a potential surface modified MIL-53(Al)-

NH2 (MIL-53-NHCOH, MIL-53-NHCOC4H9 and MIL-53-NHCOC6H11) 

incorporated PVA membrane for PV dehydration of 92.5wt% ethanol. 

Among the modified system, MIL-53-NHCOH, and MIL-53-NHCOC4H9 

incorporated PVA exhibited outstanding separation performance. As 

compared with pure PVA, MIL-53-NHCOH (4wt%)/PVA system exhibited 

206% and 200% improvement in water permeance and selectivity 

respectively and MIL-53-NHCOC4H9 (7.5wt%)/PVA system exhibited 340% 

and 170% increase in water permeance and selectivity respectively. The 

difference in hydrophilicity of the surface substituent is the reason behind the 

significant difference in separation performance. MIL-53-NHCOC4H9 and 
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MIL-53-NHCOC6H11 possess high hydrophobic constant for the surface 

functional group and hence it reduces water selectivity of PVA while 

hydrophilic nature of MIL-53-NHCOH enhance the water permeance and 

selectivity of PVA.120 

1.4.2.2.3 Literature review on pervaporation study of POSS embedded 

polymeric systems 

Various organic group functionalised POSS embedded polymer membranes 

find high potential for PV dehydration of organic solvents.  Recently Wang 

and co-workers reported hydrophilic PEG-POSS embedded sodium alginate 

(SA) membrane for the PV dehydration of ethanol. The PEG side group on 

the POSS significantly enhance water affinity while it reduces the 

crystallinity of the membrane resulting in increase in free volume of the 

membrane.121 

Le et al. successfully developed two types of POSS (disilanolisobutyl 

(SO1440) and octa(3-hydroxy-3-methylbutyldimethylsiloxy) (AL0136) 

incorporated polyether-block-amide (Pebax 2533) system. They analysed PV 

performance of the membrane for the dehydration of ethanol by varying the 

feed composition, POSS loading and temperature. They found that 

Pebax/AL0136 exhibit higher separation efficiency than Pebax/SO1440. This 

can be attributed to the high affinity of Pebax/AL0136 system towards 

ethanol molecule. The best performance of the membrane obtained at 2wt% 

filler loading. Membrane show improved flux and reduced selectivity on 

increasing the ethanol concentration in the feed.122 

1.4.2.3 Gas separation 
 

Today, polymeric membrane based gas separation progressively receives 

great attention in various industries such as petrochemical, food packaging 
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and biomedical field. Membranes are used for different purposes, which 

includes oxygen enrichment, combustion processes, solar cells, CO2/N2 and 

CO2/CH4 separation during flue gas and bio gas treatment, lithium air 

batteries, natural gas drying and roofing membranes.123-127As mentioned 

above the challenging issue for the material scientists is the intrinsic trade-off 

effect between permeability and selectivity during membrane based 

separation.  

 Robeson in 1991 and then in 2008 developed a selectivity versus 

permeability plot of different gas separation membranes and it is presented in 

Figure 1.11. The plot elucidated inevitable trade-off effect or inverse 

correlation between permeability and selectivity of polymeric membranes 

(high selective polymers are simultaneously less permeable and vice versa). 

Most of the polymer membranes exhibit their separation performance below 

this upper bound, called as Robeson’s upper bound and exhibit reduced gas 

separation performance in practical.128-129 Several successful polymer 

membrane modification strategies as mentioned earlier have introduced for 

the efficient separation of gas mixtures by overcoming the limitation of 

Robeson’s upper bound.130-132 The materials like poly (ethylene oxide)s 

(PEO) and amines are highly CO2–philic species, hence their addition in 

polymer membranes can often improve CO2/gas selectivity because of their 

enhanced solubility and selectivity.133-136 The increased CO2 solubility in PEO 

is because of the strong quadrapole-dipole interaction that exists between 

CO2 and ethylene oxide group.137-139 For instance; the introduction of PEG 

into the poly(amide-b- ethylene oxide) (Pebax) copolymer shows outstanding 

CO2 selectivity and permeance due  to the occurrence of  polar ether linkages 

in the structure, it has strong affinity towards CO2  molecule.140 During the 

last years many novel CO2-philic polymer membranes have been reported. 

For example; polyethylene glycol dibutyl ether (DBE-PEG) incorporated 

poly(ethylene oxide)-poly(butylenes terephthalate) multiblock copolymer 

exhibit 750 barrer CO2 permeance without the dropping of selectivity while 
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pure copolymer exhibits only 150 barrer CO2 permeance.141-143 Very recently, 

Gye et al. reported PEG and the imidazolium groups (ionic liquids) 

introduced polyimide membrane, which exhibited 42.0 and 37.1 CO2/CH4 

and CO2/N2 permselectivity values respectively and 464 Barrer permeance.144 

The organic polymer matrix incorporated with well dispersed inorganic 

particle is a good material for gas separation. It exhibit superior performance 

such as high flux, permselectivity and stability over pristine polymer.145-149 

Generally observed that, impermeable nanoparticles in polymer may limit 

diffusion of larger gas molecules across the membrane due to the increase in 

the tortuous path of the gas molecule in the polymer matrix. Schematic 

representation of tortuous path is presented in Figure 1.12. Shape, dispersion 

state, orientation and volume fraction of nanofillers are the factors that 

determine the tortuosity of the path. Tortuosity (τ = L1/L2) is the ratio of 

diffusion path length of permeating molecule in the nanocomposite 

membrane (L1) to the diffusion path length of permeating molecule in the 

pristine polymer (L2). The presence of well oriented nanoparticle such as 

nanoplatelets and elongated particles situated perpendicular to the direction 

of permeating molecules in the hybrid membranes have great influence on the 

decrease in the permeability of the membrane.150 Nanoclay is efficient 

nanofiller to reduce permeability of polymer membrane due to its high 

surface area as compared with spherical nanoparticles.151-152 

Spherical particles incorporated polymer systems often increase the 

permeability of permeating molecules because of the minor effect of 

spherical particle on the tortuosity. Nanosized silica particles can enhance the 

gas separation as well as thermal and mechanical stabilities of the polymer 

membrane.153-157 Xing and Ho reported fumed silica nanoparticles (FS) with a 

size of 7 nm introduced crosslinked poly (vinyl alcohol)-poly(siloxane) 

membrane for high-pressure CO2/H2 separation. The membrane exhibited 87 

and 1296 Barrers CO2 selectivity and permeance respectively for 22.3 wt% 

FS loading at 107oC and 220 psia.158 There are few reports showing the 
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reduction in the gas permeability of polymer systems by the incorporation of 

spherical nanoparticles.159 

 

Figure 1.11: Robeson in 1991(a) and then in 2008 (updated) (b) developed 
selectivity versus permeability plot for CO2/CH4 gas separation 
membranes, which elucidated trade-off effect between 
permeability and selectivity of polymeric membranes.128-129 

 
Figure 1.12: (a) Diffusion of gas molecule in pure polymeric film and (b) 

diffusion of gas molececule in polymer nanocomposites (eg: 
polymer/clay nanocomposites) through tortuous path. 
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1.4.2.3.1 Mechanism of gas transport in polymer nanocomposite 
membranes 
1.4.2.3.1.1 Maxwell’s model 

In 1873 Maxwell analysed the permeability of membranes prepared by 

dispersing spherical impermeable particles in a continuous matrix phase.160 
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Where P0 and Pc are the permeability of pure polymer and filler incorporated 

polymer system respectively. φf is the volume fraction of filler. There are few 

demerits for this model ie, it is applicable only for spherical particle dispersed 

nanocomposite membranes and the model completely neglect the polymer- 

filler interaction.

 

1.4.2.3.1.2 Free-volume model 

Cohen and Turnbull described the effect of free volume of the membrane on 

the diffusion of the penetrate molecule across the membrane and its 

expression is shown below.161      
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where A indicated  pre-exponential factor, Vf is the average free volume in the 

membrane available for the transport of  penetrants,  V* the smallest free 

volume element size that can hold a penetrant molecule and γ is an overlap 

factor used  to prevent double-including of elements of free volume. A 

qualitative awareness of the polymer-filler interaction is provided by this 

model. The introduction of nanofiiller disrupts the chain packing of the 

polymer that will improve free volume in the membrane, as a result diffusion 

of gas molecule increased.162 
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1.4.2.3.1.3 Solubility increase mechanism 

This mechanism describes the increased gas permeability of the 

nanocomposite membrane due to the interaction of penetrant molecule with 

the functional groups present on the polymer membrane.48 Yave et al. 

fabricated Pebax®/PEG blend system, exhibited high CO2 seperation 

efficiency due to the presence of ethylene oxide unit within the membrane. 

CO2 interacted with PEG unit of the membrane via dipole-quadrupole 

interaction, which increased the solubility of CO2 molecule in the polymer 

blend membrane.38 

1.4.2.3.2 Literature review on gas transport study of PVA based systems 

Semsarzadeh and Ghalei synthesised silica particle by micelle-templating 

process using tetraethoxysilane (TEOS) as precursor. First cetyltrimethyl 

ammonium bromide (CTAB)-with poly(vinyl alcohol) (PVA) form template 

on which silica particle is synthesised. A nanocomposite membrane has been 

synthesised using this synthesised silica/CTAB–PVA hybrid particles and 

polyurethane (PU). The membrane exhibited high CO2 selectivity due to the 

presence of PVA in the silica particle. The –OH group of PVA can interact 

with polar CO2. Therefore, the membrane exhibited good selectivity for gas 

mixtures.55 

Lai et al. successfully prepared highly transparent, flexible as well as high 

gas barrier borate ion crosslinked PVA/graphene oxide (GO) system. The 

crosslinker makes the membrane impermeable, ordered and dense. The 

amount of crosslinker and time for crosslinking greatly influenced the gas 

transport rate. The system at 1wt% borax loading exhibited O2 transmission 

rate (OTR) < 0.005 cc m-2 day-1 and transmittance >85% at 550 nm. The 

barrier films have high potential for the commercial production of flexible 

electronic materials such as solar cells and LCD.163 
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1.4.2.3.3Literature review on gas transport study of POSS embedded 

polymer systems 

Li et al. recently synthesised highly CO2-philic hybrid membrane consisting 

of amino-functional polyhedral oligomeric silsesquioxanes (POSS-NH2) and 

crosslinked poly (ethylene oxide) (PEO); synthetic route is presented in 

Figure1.13. The combined high CO2 affinity of PEO and porous 

characteristic of POSS-NH2, significantly improves the hybrid membrane 

CO2 permeability and selectivity. As compared with crosslinked PEO, POSS 

incorporated crosslinked PEO exhibit 242% (385.8 Barrer) improvement in 

permeability.164 

Iyer et al. analysed the gas transport performance of octa amino group 

functionalised POSS (OAPS) incorporated polyimide (PI) nanocomposite 

membrane. Related to the base PI, the composite membrane give reduced 

permeability and improved selectivity for all gases except for CO2 as the 

weight percentage of OAPS increases from 0 to 20wt%. The POSS molecule 

restricts the motion of PI chain by making the chain so rigid resulting in 

reduced gas diffusion and improved diffusivity and selectivity for O2/N2 and 

CO2/CH4. In contrast, CO2 gases show exceptional characteristics which 

show higher permeability and selectivity at lower loading of POSS due to the 

interaction between surface amino group on the POSS and CO2. While at 

higher loading (20wt%) there is a significant reduction in the CO2 

permeability due to the decreased free volume by the aggregation of 

OAPS.165 
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Figure1.13: Hybrid crosslinked membrane synthesis from amino
polyhedral oligomeric silsesquioxanes (POSS
crosslinked   poly (ethylene oxide) (PEO).

Chua and co-workers fabricated a membrane for the separation of CO

N2 and H2, using highly CO2-philic polyetheramine (PEA) and polyhedral 

oligomeric silsesquioxane (POSS). The chemical structures of the POSS and 

PEA employed for the study are shown in 

exhibited improved mechanical stability, CO

reduced crystallinity. They achieved 7.0 and 39.1 CO

selectivity respectively with 380 Barrer permeability using this membrane.

                                                                            Introduction 
____________________________________________________________________ 

_________________________________________________________ 
38 

 

Hybrid crosslinked membrane synthesis from amino-functional 
polyhedral oligomeric silsesquioxanes (POSS-NH2) and 
crosslinked   poly (ethylene oxide) (PEO).164 

membrane for the separation of CO2 from 

philic polyetheramine (PEA) and polyhedral 

oligomeric silsesquioxane (POSS). The chemical structures of the POSS and 

PEA employed for the study are shown in Figure 1.14. The membrane 

ited improved mechanical stability, CO2 separation performance and 

reduced crystallinity. They achieved 7.0 and 39.1 CO2/N2 and CO2/H2 

selectivity respectively with 380 Barrer permeability using this membrane.132 
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Figure 1.14:  Chemical structure of polyetheramine (PEA) and polyhedral 
oligomeric silsesquioxane (POSS) used for the preparation of 
membrane for the separation of CO2 from N2 and H2.

132 

Rahman et al. successfully functionalised poly (ethylene glycol) (PEG) on 

the surface of polyhedral oligomeric silsesquioxane (POSS) nanoparticle 

through epoxy ring opening reaction of glycidyl POSS and 

glycidyldimethylsilyl POSS in presence of boron triflouride diethyletherate 

catalyst in different solvents (THF, toluene and chloroform). They fabricated 

a membrane by incorporating this PEG modified POSS in poly (ether-block-

amide) multiblock copolymer PEBAX-MH 1657 and analysed its CO2/N2 and 

CO2/H2 gas separation performance. The THF complex and dimethylsilyl 

spacer present in the membrane provide improved CO2 separation efficiency 

to the membrane.166 

Bandyopadhyay et al. prepared amino functionalised POSS incorporated 

polyamide (PA) nanocomposite. The membrane exhibited improved gas 

permeability and reduced selectivity (trade-off relation) with respect to 

pristine polymer membrane. The increase in permeability is ascribed to the 

increase in the fractional free volume (FFV) of the system. The membrane 

gives higher diffusion to O2 gas than CO2, eventhough kinetic diameter of 

CO2 (3.3 Å) is smaller than O2 (3.46 Å). This decrease in CO2 could be 

explained by the quadrupolar interactions existing between CO2 and amide in 

the PA. Interfacial area between polymer and filler, Si−O cage of POSS and 
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agglomeration of POSS are the three main pathways through which transport 

of gas molecule can occur.167 

Xing et al. analysed CO2/CH4 separation performance on zeolite filled and 

unfilled poly(vinylalcohol)/poly(ethylene glycol) (PEG) blend membranes. 

Strong quadrupole–dipole interaction exists between PEG (MW200) and CO2 

results in high permeance to CO2. The PVA chain provides good mechanical 

stability to the blend membrane. Zeolite 5A incorporation also makes 

significant change in separation performance. As the zeolite 5A content 

increases, selectivity decreases, in contrast CO2 permeability first reduced and 

then increases significantly at higher loading.168 

1.5 Poly (vinyl alcohol) 

Poly(vinyl alcohol) (PVA) is an extensively used hydrophilic, semicrystalline 

ecofriendly synthetic polymer with high technological potential. The 

thermoplastic PVA found particular interest in various industrial fields due to 

its water processability, good film forming nature, high-abrasion resistance, 

high level of biocompatibility, biodegradability, H-bonding ability with 

variety of additives, good mechanical properties and gas barrier property.169-

173 It can be participated in chemical reaction using its large number of 

secondary alcohol functional groups. It is widely employed in engineering, 

drug delivery, biomedical devices, food packaging, textile sectors and for the 

fabrication of membranes in separation process.174-178 The separation 

efficiency of membranes vary significantly depending on the polymerization 

degree, degree of hydrolysis, molecular weight of polymer, membrane 

structure and cross linking degree. Based on the degree of hydrolysis and 

viscosity, various grades of PVA is commercially available. The atactic grade 

is the largely supplied PVA. Viscosity of the PVA membrane increases with 

increasing polymerisation degree. Consequently, prominent change in the 

fractional free volume and separation performance of membrane can be 

observed. The excess swelling nature of PVA membranes in high water 



Chapter 1                                                                                                   Introduction 
____________________________________________________________________ 

_________________________________________________________ 
41 

containing environment leads to its reduced chemical and mechanical 

stability and separation performance. The problem can be rectified by the 

modification of PVA through grafting, blending or cross-linking.179-184 

Recently, the introduction of inorganic nanofillers to the polymers are found 

to have great success to improve thermal stability, mechanical strength and 

separation performance of the membrane even in the aqueous solution due to 

the advantages of both components.185-186 Nevertheless, several limitations 

still exists for this systems such as  incompatibility or uniform dispersion  of 

fillers in the polymer matrix and poor interaction between polymers and 

fillers. So trade-off effect exists between permeability and selectivity. 

1.5.1 Structure and synthesis  

Structure of PVA is presented in Figure 1.15. As vinyl alcohol can not stand 

in free state (in presence of air, it transformed to acetaldehyde), the synthesis 

of PVA by polymerization of vinyl alcohol monomer unit is found to be very 

difficult. In 1924, the German scientists Hermann and Haehnel were first 

developed a strategy for the preparation of PVA throughfull or partial 

hydrolysis of polyvinyl ester (polyvinyl acetate) with potassium hydroxide in 

ethanol. Chemical reaction steps are presented in Figures 1.16.187 Both fully 

and partially hydrolysed PVA are commercially available and their chemical 

structures are presented in Figures 1.17.  In fully hydrolysed grade of PVA, 

about 98% mole of acetal in poly (vinyl acetate) are replaced with alcohol. It 

contains severe inter molecular hydrogen bonding and higher crystallinity, 

resulting in insolubility in water at room temperature while solubility in hot 

water. In the case of partially hydrolysed PVA grade, about 87-89% mole of 

acetal in poly (vinyl acetate) are replaced with alcohol. It dissolves in water at 

room temperature and exhibit reduced melting point, degree of crystallinity, 

strength and easier processability over fully hydrolysed PVA due to the 

presence of residual acetate groups.188-192 Extent of hydrolysis (amount of 

residual vinyl acetate) is an important parameter, which controlls the 

properties of PVA such as flexibility, solubility and molecular weight (Table 
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1.2). Poly(vinyl acetate)is prepared by the polymeris

through refluxing at 80oC in the presence of potassium persulfate free radical 

as initiator. 

Figure 1.15: Structure polyvinyl alcohol (PVA)

Vinyl acetate                       Poly (vinyl acetate)    

Figure 1.16: PVA synthesis from 

Figure 1.17: Structure of (a) partially (b) completely hydrolys

 

  

(a) 

(b) 
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prepared by the polymerisation of vinyl acetate 

C in the presence of potassium persulfate free radical 

 

Structure polyvinyl alcohol (PVA) 

 

Poly (vinyl acetate)          Poly (vinyl) alcohol 

PVA synthesis from vinyl acetate 

 

artially (b) completely hydrolysed PVA 
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Table 1.2: Variation in the properties of PVA, based on its molecular weight 
and hydrolysis.191 

 

1.5.2 Properties 

PVA is a tasteless, odorless and nonhazardous linear polymer having high 

solubility in water and insolubility in most organic solvents. Properties of 

PVA vary based on certain factors such as molecular weight, degree of 

polymerisation, hydroxylation and hydrolysis. Water solubility of PVA get 

reduced on increasing the degree of polymerisation and hydroxylation.  

Based on the degree of hydrolysis, melting point of PVA varies from 180 to 

240oC. It possesses excellent adhesive, film forming and emulsifying 

properties. Hence it is widely used in food packaging, paper adhesives, textile 

and paper coating sectors.193-194 Through pyrolysis, it undergoes rapid 

decomposition above 200oC. Commercially, PVA films are synthesised by 

solution blending method due to its high water solubility. The film exhibits 

good strength, flexibility, solvent mixture separation properties, high gas and 

moisture barrier characteristic. It undergoes biodegradation both in anaerobic 
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(landfill) and aerobic (composting) environment. PVA undergoes fast 

decomposition through hydrolysis because of the occurrence of hydroxyl 

group. According to reported literature the degradation period of PVA is 5-6 

weeks.195-196 The chemical, thermal and mechanical stability of PVA is 

essential for its application in packaging, separation and pharmaceutical 

sectors. Inorder to achieve improved stability, it can be modified by chemical 

or physical cross-linking, blending and grafting.197-199 

Physical and chemical methods are employed for the crosslinking of PVA. 

Heat treatment and freeze–thaw are well known existing important physical 

crosslinking method. Chemical crosslinking can be carried out using 

chemical agents such as glutaraldehyde, formaldehyde, maleic acid etc, these 

can be strongly interact with hydroxyl functional group of PVA. Crosslinks 

are bonds that connect polymer chains, consequently network structures are 

formed by its multidirectional chain extension and it reduced the mobility as 

an individual chain.200 

Glutaraldehyde (GLA) with acid catalyst (sulfuric acid and acetic acid) is 

extensively employed for the chemical crosslinking of PVA, which is shown 

in Figure 1.18.201 In these case, secondary hydroxyl group of PVA interact 

with GLA. Nearly 0.1mol of GLA (OHC–(CH2)3–CHO) is used per mole of 

PVA (very high MW, 88% hydrolysed) for crosslinking. At high pH, GLA is 

subjected to self condensation by an aldol condensation. This crosslinked 

PVA give reduced swelling products than uncrosslinked PVA. Hence it can 

be employed for waste water treatment. Recently, Figueiredo et al. reported 

crosslinking of PVA with GLA without using acid catalyst or any organic 

solvent and is useful for the application of PVA in biomedical field.202 Sonker 

et al. prepared glutaric acid (C5H8O4) crosslinked tungsten disulphide 

nanotubes (WSNTs) incorporated PVA composite. The interactions present 
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in the composite are shown in the Figure 1.19. The composite exhibited 

excellent thermal and mechanical properties as compared to pure PVA.203 

 

Figure 1.18: Cross linking of PVA using GLA in presence of an acid 

 

Figure 1.19: Schematic representation of chemical interaction present in 
glutaric acid crosslinked WSNT-PVA composite: esterification 
reaction between PVA and glutaric acid, intermolecular 
hydrogen bonding between PVA chains and hydrogen bonding 
between WSNT and PVA.203 

1.5.3 Applications 

PVA has found wide range of applications, mainly in pharmaceutics, 

biomedical areas, waste water treatment, adhesives, textile, food packaging, 

paper coating, dehydration of organic solvents and separation of gas 

mixtures. In the world, around 6, 50,000 tons of PVA are produced yearly.204-

208 Recently, Moulay et al. extensively reviewed various chemical 
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modifications, uses and applications of PVA.209 Largest producer and 

consumer country of PVA is China; they consume around half of the total 

world’s consumption. PVA is widely employed in medical and food industry 

because of its biodegradability, biocompatibility, hyrdrophilicity, barrier 

properties, nontoxicity, swelling, flexibility and chemical resistance. Figure 

1.20 demonstrated the PVA market volume in US which is 

approximately172.8 kilo tons in 2016 and it is expected to grow from 2016 to 

2025 with a compound annual growth rate (CAGR) of 5.4%.210 

PVA extensively used in food packaging market due to its water solubility, 

nontoxicity, biodegradability and oxygen and aroma barrier properties. The 

governments are highly interested in green package, which is the major 

reason behind the market growth of biodegradable PVA. 

PVA hydrogels behaves as a good bioadhesive, shows elastic and rubbery 

nature, possess high mechanical strength by hydrogen bonding influenced by 

crosslinking, it is non-carcinogenic and has an easy mode of processability. It 

has wide application in the field of tissue engineering, drug delivery, as 

hemodialysis membranes, contact lenses and in pharmaceutical industry. 

 
 

Figure 1.20: PVA market volume by end-use in U.S, 2014 - 2025 in Kilo 
Tons.210 
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1.6 Polyhedral oligomeric silsesquioxane (POSS) 

Polyhedral oligomeric silsesquioxane is a new class of high potential organic-

inorganic silica based hybrid material, commonly referred by the abbreviation 

“POSS”. The hybrid materials possess intermediate property between that of 

ceramics and organic polymers; it is presented in Figure 1.21. The name 

polyhedral oligomeric silsesquioxane is originated from its characteristic 

structure that contain silicon, oxygen and alkane. Polyhedral refers to multi-

sided (3-D) geometric shapes like cubes, sphere. ‘Oligo’ denotes the small 

number of silsesquioxane units present in the compound and the term 

silsesquioxane refers to each silicon atom connected to one-and a half 

(sesqui) of oxygen (ox) and one hydrocarbon (ane) groups to the silicon 

vertex. POSS is considered as a well defined, smallest, zero-dimensional 

(sphere like structure), highly symmetrical and multiple functional 

nanoparticle of silica.211-214 POSS have nanometer sized polyhedral inorganic 

core made up of tetravalent silicone and oxygen with the formula (SiO1.5)x. 

The core is surrounded by organic functional groups (R) at all the apex of 

silicon atom. In POSS molecule, Si-O-Si-O-Si network core is found to be 

very rigid and inert due to the strong overlapping of two lone pair electrons 

on the oxygen with vacant d orbital of Si. As compared with the bond energy 

of Si_C (326 kJmol-1) and C_C (346 kJmol-1), Si_O bond energy (444 kJmol-1) 

is found to be very high. The architecture of the substituent attached on each 

silicon vertex determines the final chemical and physical properties of POSS. 

The anatomy of POSS molecule is given in Figure 1.22.215-219 Its diameter is 

in the range 1-3 nm and the Si-Si diameter of 0.53nm and the ratio of Si:O is 

2:3. Zhang and Müller recently reviewed the properties and application of 

POSS embedded polymers.220 Tanaka and Chujo well reviewed the POSS 

based advanced functional materials and their unique properties.221 Two 

special characteristic of POSS molecule are the following: (i) It is physically 



Chapter 1                                                                                                   Introduction 
____________________________________________________________________ 

_________________________________________________________ 
48 

large as compared with polymer dimensions and almost equivalent in size to 

most polymer segments and coils and (ii) the chemical composition (RSiO1.5) 

is a hybrid intermediate between that of silicone (R2SiO) and silica (SiO2). 

Unlike usual traditional inorganic fillers, POSS is very flexible and offer 

many incomparable advantages. Peculiarities like monodispersion with well 

defined structure, high thermal stability, low density, controllable surface 

properties and easiness with which POSS can be decorated with appropriate 

organic functionalities make it a promising material for the modification of 

polymers.222-227 

POSS has been widely used as inorganic nanofiller for the construction of 

organic/inorganic hybrid materials. Its incorporation in polymer materials is 

to produce hybrid material with valuable properties. The well controllable 

functionality makes them compatible with diverse polymer matrices at the 

molecular level by creating reactive sites or modifies the interfacial 

properties. The functional group significantly affects the characteristic phase 

transitions and molecular packing. The organic functional group on the POSS 

can be reactive (e.g., for copolymerization) such as acids, epoxy, acrylate, 

styrene, amine, alcohol and methacrylate, or inert (e.g., for polymer blending) 

such as cyclopentyl, phenyl, methyl, isobutyl and cyclohexyl. The reactive 

organic group on the POSS surface enablesits grafting or polymerisation with 

polymers by strong interaction. The non reactive functional group makes 

them readily compatible and dispersible in various polymers at molecular 

level.228-235 Recently, Zhou and coworkers reviewed the preparation, 

properties and application of POSS-polymer hybrid systems.236Kuo and 

Chang published a review in 2011 about synthesis of different functionalised 

POSS and various POSS incorporated polymer systems such as poly(ethylene 

oxide)/POSS, polyimide/POSS, polyester/POSS, polyurethane/POSS, 

epoxy/POSS, polyamide/POSS, polystyrene/POSS, polyolefin/POSS and  
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poly(acrylate)/POSS. Their miscibility, hydrogen bonding interaction and 

properties such as thermal, electrical, dynamic mechanical and surface 

properties and applications are well analysed.237 

The POSS-polymer systems offer the benefits of both the inorganic and 

organic phase. POSS can be introduced into the polymer matrix through 

blending, crosslinking, grafting, chemical coupling or copolymerisation. It 

can create higher dimensionality (1,2 or 3-D scaffolds) in polymer matrix 

through crystallisation or aggregation that may reduce the possible 

advantages related with nanoscale incorporation.238-240 The rigid centre 

siloxane core provides good chemical, thermal and mechanical stability.241-249 

Unlike conventional organic compounds, most of the POSS derivatives are 

ecofriendly, odourless and nonvolatile. The nanosized POSS embedded 

polymers show significant enhancement in thermal stability, mechanical 

property, increased decomposition temperature, lower density, oxidative 

resistance, surface hardening, reduction in flammability, increased gas 

permeability, optical properties and surface hardening.  Hence it is a suitable 

material for fire-resistant and high-temperature applications.250-251 However, 

the strong molecular interaction (van der Waals, dipolar, hydrogen bonding) 

of POSS, the different degree of compatibility between organic and inorganic 

parts of POSS cage and the rigidity of silicon-oxygen cores lead to the 

aggregation of particles in polymer matrix. This may reduce many properties 

of the nanocomposite.  
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Figure 1.21: Schematic representation of organic-inorganic hybrid, bridging 
the gap between organic polymers and ceramics.211 

 

Figure 1.22: The anatomy of polyhedral oligomeric silsesquioxane 
(POSS).241 

1.6.1 Different types of POSS 

POSS belongs to the broad family of silsesquioxanes, The term 

silsesquioxane refers to the molecules with the chemical structure (RSiO1.5)n 

or RnTn,  where R is  called vertex group for polyhedral molecule, it  may be 

hydrogen or an organic group such as alkyl, aryl or any of their 

derivatives.252-253 On the basis of molecular architecture, silsesquioxanes have 

been classified into caged and noncaged structure (Figure 1.23). In the 

noncaged structure, it is further divided into random, ladder and partial-cage 
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structure. Baney et al. in 1995 reviewed the synthesis, structure and 

application of silsesquioxanes.254 The ladder and cage like structures are the 

most common structure for silsesquioxanes. Silsesquioxane with caged 

structure (completely and incompletely condensed) is known as POSS, which 

is commonly represented by T8, T10 and T12 based on the number of silicon 

atom attached to the vertex of the cage (Figure 1.23).255-258 The most familiar 

varieties are T8 type, which consists of eight RSiO1.5 units forming a cage like 

inorganic central part surrounded by eight organic vertex groups. In the T8 

type, POSS molecule can bear same kind of eight reactive or unreactive 

groups (T8R8), or one reactive and seven unreactive groups (monofunctional 

POSS molecules, T8R7R
’). Compared to T10 and T12 type, T8 cubic 

silsesquioxanes are most preferable form due to the stability of the Si4O4 ring 

structure. The rigid crystalline silica frame work is the reason behind the 

outstanding chemical and thermal stability of POSS molecules. A large 

diversity is possible for POSS for the modification of polymers, because one 

or more vertex group can be replaced by reactive functional groups (such as 

alcohol, phenol, amine, epoxy and styrene) for grafting or co-polymerisation. 

POSS can be classified into (a) molecular silica: all the organic groups on 

each silicon atom are nonreactive (b) monofunctional POSS: one of the 

organic group is reactive (c) multifunctional POSS: all the organic groups on 

each silicon atom are reactive. 
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Figure 1.23: Structures of silsesquioxanes (a) non-caged silsesquioxanes: (i) 
random, (ii) ladder; (iii) partial caged structures, and (b) caged 
silsesquioxanes: (i) T8, (ii) T10, (iii) T12 structures.231 

1.6.2 Synthesis of POSS 

Scott was the first person who introduced the synthetic method of POSS 

synthesis with empirical formula (CH3SiO1.5)n by the thermolysis of 

polymeric product obtained by dimethyl chlorosilane and methyl 

trichlorosilane co-hydrolysis. Even though Scott discovered the first POSS 

molecule ((CH3SiO1.5)n) in 1946 at US air force research laboratory for 

aerospace applications, only in the last twenty years scientists have widely 

studied and commercialised the extensive applications of POSS molecules. In 

1991, Feher’s group and Lichtenhan have made significant effort for the 

development of POSS incorporated polymer systems. Hybrid plasticsis the 

POSS manufacturing company first established in 1998 at Fountain valley 

and then in 2004, in Southern California and city of Hattiesburg, Mississippi. 

The company made dramatic enhancement in the production of large variety 

of POSS.259-265 
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Many scientists reviewed the synthesis of monofunctionalised and 

multifunctionalised POSS nanostructure through silane chemistry and found 

that many factors such as monomer concentration, solvent nature, catalyst, 

temperature and the quantity of water addition affect the properties of the 

final product.266-270 

The most common method for the production of monofunctional POSS is the 

hydrolysis and condensation of trifunctional monomers RSiX3, where ‘X’ is a 

very reactive substituent such as Cl or alkoxy and R is chemically stable 

substituent such as methyl, phenyl or vinyl. About 48% of monosubstituted 

product is obtained from the above mentioned method. Another method is the 

substitution reaction on the silicon atom with the retention of siloxane cage 

such as hydrosilylation reactions. Corner-capping reactions also produce fully 

condensed monosubstituted POSS starting from incompletely condensed 

molecule such as R7Si7O9(OH)3  with  RSiCl3. Trifunctional organo silicon 

monomers produce incompletely and completely condensed POSS molecules 

in first and second step respectively. Different synthesis methods are 

presented in Schemes 1.1-1.5.237, 252, 271-272 

nR-Si

OET

OET

OET

+ l.5nH2O              (RSiO1.5)n  + 3nROH

 

R is an organic group such as alkyl, aryl, amine, acid, epoxides, isocyanates, 

thiols or sulphonic acid 

Scheme 1.1: Synthesis of POSS molecule using the hydrolytic condensation 

reactions of trifunctional organosilicon monomers.237 

 
Scheme 1.2: Synthesis of POSS molecule by hydrolysis and condensation of    

organotrialkoxysilane. 
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R
HSiR'3

M(catalyst)

R

SiR'3

H

+

 

Scheme 1.3: Hydrosilylation reaction (example for substitution reactions 

with retention of the siloxane cage) 

 
Scheme 1.4: Corner capping reaction.237 

 

nRSi(OH)3                [nSiO1.5]n(H2O)3n/2-x                (RSiO1.5)n 

Scheme 1.5: Production of incompletely and completely condensed POSS 

molecules in first and second step respectively. 

POSS-polymer nanocomposites can be classified into three based on the 

functionality of POSS or method used for the incorporation of POSS in 

polymer matrix. (a) Star like polymer nanocomposites:  polymerisation is 

initiated from the surface of the multi-functional POSS, so it act as a 

microinitiator and produce star type macromolecule (b) Crosslinked polymer 

nanocomposites: polymerization of multireactive POSS with polymers forms a 

thickly cross-linked network (c) Pendent type: polymerization of 

monofunctional POSS onto a polymer backbone produce pedant POSS cages 

contains polymer system. These three systems are presented in Figure 1.24.242 

(3n/2-x)H2O -(xH2O) 
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Figure 1.24: The three main types of POSS-based nanocompoistes (a) Star-
like polymer nanocomposites (b) Cross-linked nanocomposites 
(c) Pendent type.242 

1.6.3 Literature review on POSS based polymer nanocomposites 

Ullah et al. recently made a detailed review on the synthesis, self-assembly 

and applications of water soluble POSS incorporated amphiphilic hybrid 

polymers.273 

 Sheikh and co-workers prepared spherical nanoparticles through dialysis 

approach, using POSS as an inner hydrophobic core and PVA as a 

hydrophilic outer shell, schematically presented in Figure 1.25. Urethane 

bond is formed between the POSS and PVA. This amphiphilic nanoparticle is 

a good drug carrier. Controlled release of Paclitaxel drug for more than 40 

days was achieved by employing the prepared nanoparticles.274 

 

Figure 1.25: Synthesis of POSS-grafted-PVA nanoparticle.274 
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 Kim et al. synthesized the amphiphilic PVA-POSS hybrids by introducing 

different weight percentage of POSS. Urethane linkage is formed between 

monoisocyanate group of POSS macromer and hydroxyl group of PVA. It 

was found that the water solubility or hydrophobicity of the PVA-POSS 

hybrids altered significantly depending on the hydrophobic POSS content 

incorporated into the PVA.275 

Zhou et al. analysed the effect of octaammonium functionalised polyhedral 

oligomeric silsesquioxane (POSS) and layered silicates on the surface 

wettability of polyamide-6. It was found that both the fillers improve the 

hydrophilicity of polymer significantly. Types of nanofiller, the interaction 

between POSS and polymer are the major factors that determine the surface 

properties of polymer nanocomposites. H-bonding interaction in layered 

silicates and aggregation of POSS molecule at the surface are the major 

factors that improve the hydrophilicity of polyamide-6.276 

You et al. synthesised PEG-POSS incorporated polyamide (PA) membrane 

through interfacial polymerization. The membrane exhibits high water flux 

and excellent fouling resistance as compared to pure PA.277 

1.6.4 Applications of POSS 

POSS nanostructures are found to be a promising material for many 

applications from biomedical to aerospace technologies. The unique 

properties of POSS-polymer nanocomposite materials offer interdisciplinary 

technological applications (Figure 1.26).278-280 Therefore, scientists explore 

the potential application in various fields, for instance, reinforcing agent or 

good nanofiller in polymer nanocomposites, mechanics, sensors, catalysts, 

photo resists, semiconductors, high temperature lubricants and electron beam 

lithography. With respect to carbon nanofibres and nanotubes, POSS 

chemical is an ecofriendly nanofiller, it is odourless, non-poisonous and 
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cytocompatible moieties and does not produce any volatile organic 

components. Hence it is a good choice for the fabrication of biomaterials.281 

Material scientists explore the POSS-polymer systems in tissue engineering 

and biomedical fields. POSS form dental nanocomposites with methacrylate 

based polymers that overcome the weakness (lack of strength, toxicity) of 

dental monomer, methyl methacrylate (MMA).282-283 POSS/PMMA 

composites dramatically enhance the strength of PMMA. 

POSS/Poly(carbonate–urea) urethane nanocomposites are ideal material in 

cardiovascular bypass grafts and microvessels.284 Ammonium-POSS like 

cationic POSS found great application in the field of gene delivery, drug 

delivery and DNA detection.285 

 

Figure 1.26: Various application of POSS nanomaterial.243 

POSS nanocomposites based coating film hold advanced conductive, 

protective and mechanical properties, so it found many future opportunities in 

habitation missions and lunar exploration.286-287 The very low dielectric 

constant and high thermal stability of POSS–polymer nanocomposite bring 

its use in modern microelectronics. POSS/polyflourenes shows high thermal 

and optoelectronic properties, hence it is extensively used in 

electroluminescent devices.288 Xiong et al. discovered polyaniline (PANI)–
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POSS based complementary electrochromic device with high colouration 

ability.289 The US Airforce has recognised the space application of POSS. 

POSS incorporated polymers show high atomic oxygen resistance. POSS 

form thin SiO2 network that resist further decay of polymers from atomic 

oxygen erosion. POSS-polyimide nanocomposites also posses high protective 

power from atomic oxygen erosion.290 

1.7 Motivation of Work 

Membrane based separation processes combines excellent properties, which 

includes efficiency in separation, eco-friendliness, cost effectiveness, low 

maintenance necessity and low energy consumption. Possibilities of this 

technology overcome the limitations of traditional separation processes such 

as distillation and adsorption, which involve many economical, 

environmental as well as technical challenges. Moreover, conventional 

methods are not so effective to separate azeotropic mixtures. During the last 

decades, the scientific community focused to develop membranes with good 

stability, permeance and selectivity. Permeability-selectivity trade-off is the 

major challenge for the development of high performance polymer 

membranes. Several successful modification strategies such as grafting, 

crosslinking, polymer blending and mixed-matrix polymer membranes 

containing various nanoscale additives have been adopted for the fabrication 

of potential membranes. The addition of nanofillers to polymers enhance the 

thermal and mechanical stability as well as permeance and selectivity of the 

membranes. However, several limitations exists in the membrane systems 

such as incompatibility of fillers in the polymer matrix. 

The present study focus on the introduction of organically functionalised 

polyhedral oligomeric silsesquioxane (POSS) molecule into the poly(vinyl 

alcohol) (PVA) matrix to generate stable membranes for separation process. 
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Nanostructured POSS molecule with their hybrid organic-inorganic nature 

and flexible functionalisation could help to enhance the dispersion in PVA. 

Therefore, the challenge of this work is to make use of nanostructured POSS 

to reinforce hydrophilic PVA and also to enhance its separation performance. 

Gas permeation and pervaporation accomplishment of the membranes are 

investigated for various gases and azeotropic mixtures respectively. 

Selectivity of the membrane for different gases as well as water in azeotropic 

mixtures have been analysed in detail. Membranes were characterised by 

various analytical techniques and other properties such as mechanical, 

viscoelastic and thermal were studied and discussed in detail.  

1.8 Gap areas 

 Trade-off effect between permeability and selectivity during 

pervaporation separation of liquid mixtures 

 Modification of polymer membranes for  efficient CO2 separation  

 Stability of  membranes for separation process 

1.9 Objectives of the work 

 To prepare polyethylene glycol (PEG) and anionic-

octa(tetramethylammonium) (Octa-TMA) functionalised polyhedral 

oligomeric silsesquioxane (POSS) incorporated poly(vinyl alcohol) 

(PVA) membrane. 

 Modification of Octa-TMA-POSS (m-POSS) using 

cetyltrimethylammonium bromide (CTAB) and incorporation into 

crosslinked PVA membrane. 

 To characterise the membranes using FTIR, X-ray diffraction, DSC, 

contact angle measurements, SEM, TEM, AFM and PALS 



Chapter 1                                                                                                   Introduction 
____________________________________________________________________ 

_________________________________________________________ 
60 

techniques. To analyse mechanical, dynamic mechanical, free 

volume and swelling properties of the membrane. 

 To investigate the pervaporation separation efficiency of the 

PVA/POSS and PVA/m-POSS membrane using THF-water and IPA-

water azeotropic mixture respectively.  

 To investigate the gas transport (CO2/N2 and CO2/O2) properties of 

these membranes and correlate it with free volumes analysed by 

PALS measurements. 

 To synthesis PEG-POSS and Octa-TMA-POSS embedded PVA-PEO 

blend membrane. 

 Characterisation of PVA-PEO/POSS membranes using FTIR, DSC, 

contact angle measurements, SEM, AFM and PALS techniques.  

 Analyse mechanical, free volume and swelling properties of the 

PVA-PEO/POSS membrane. 

 To investigate the gas transport (CO2/N2 and CO2/O2) properties and 

THF-water azeotropic mixture pervaporation separation efficiency of 

the membrane. 

 To analyse thermal degradation and water stability of PVA/POSS, 

PVA/m-POSS and PVA-PEO/POSS membranes. 

1.10 Scopeof the work 

The fabricated, mechanically and thermally stable PVA/POSS and PVA-

PEO/POSS membranes exhibited efficient separation performance for 

CO2and azeotropic mixtures (THF/water and IPA/water). The present thesis 

demonstrates the potential of highly efficient, cost effective and environment 

friendly membrane based separation technology over conventional methods 

such as adsorption and distillation.  
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Chapter 2 

Materials, Methods and  
Characterisation Techniques 

  

Summary 

This chapter provides comprehensive information of the materials used and 
the experimental methods employed for the preparation of membranes. It also 
covers different characterisation techniques used to analyse the properties of 
membranes. 

 

2.1 Materials 

2.1.1 Poly (vinyl alcohol) (PVA) 

Poly (vinyl alcohol) (PVA) with molecular weight 1,25,000 g/mol, hydrolysis 

degree 98-100 mol% and polymerisation degree ˷ 2800 was purchased from 

Hi-media Laboratories Pvt. Ltd, India. PVA is an odourless, tasteless, 

hydrophilic, semicrystalline, biocompatible, nontoxic, ecofriendly synthetic 

polymer with remarkable hot water solubility, H-bonding capability with 

different additives and insolubility in majority of organic solvents. The 

polymer possesses good tensile strength, flexibility, thermal characteristics 

and gas barrier property. 

 

Figure 2.1: Structure of PVA 
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2.1.2 Poly (ethylene oxide) (PEO) 

 Poly (ethylene oxide) (PEO) with molecular weight 1,00,000 was supplied 

by Alfa Aesar. PEO is a linear polymer, which is an odourless, tasteless and 

free-flowing white powder that exhibits hot water solubility, biodegradability 

and nontoxic characteristics. It is also soluble in organic solvents such as 

toluene, THF, chloroform and dimethyl formamide. 

  

Figure 2.2: Structure of PEO 

2.1.3 Glutaraldehyde (GLA) 

Glutaraldehyde (GLA) with molecular weight 100.117g/mol and density 1.06 

g/mL is generally used as crosslinking agent for polymers in presence of acid 

catalyst such as sulphuric acid and acetic acid. It is a pale yellow liquid with 

pungent rotten apple odour. The boiling point and melting point of GLA are 

187 and -14oC respectively. 

 

Figure 2.3: Structure of GLA 
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2.1.4 Amphiphilic POSS 

Polyhedral oligomeric silsesquioxane (POSS) is a cage-shaped hybrid 

organic-inorganic molecule with the chemical formula (RSiO1.5)n, consisting 

of well-defined rigid siloxane core made up of tetravalent silicone and 

oxygen, and the peripheral organic groups (R). The overall diameter of POSS 

molecule is in the range of 1-3 nm, the Si_Si diameter is 0.53nm and the ratio 

of Si:O is 2:3. The siloxane core of POSS molecule is found to be very rigid 

and inert due to the strong overlapping of two lone pair electrons on the 

oxygen with vacant d orbital of Si (Si_O bond energy is 444 kJmol-1). 

Recently, water soluble POSS molecules functionalised with polar groups 

have been synthesised. It has been widely applied in biomedical materials 

such as in sensors and probes. Poly ethylene glycol-polyhedral oligomeric 

silsesquioxane (PEG-POSS) and Octatetra methyl ammonium-polyhedral 

oligomeric silsesquioxane (Octa-TMA-POSS) are two important amphiphilic 

POSS, which are employed in the present study.1 

2.1.4.1 Poly ethylene glycol-polyhedral oligomeric silsesquioxane  

           (PEG-POSS) 

Poly ethylene glycol functionalised polyhedral oligomeric silsesquioxane 

(PEG-POSS) material was procured from Hybrid Plastics, Inc, USA.   

PEG-POSS is a hybrid molecule with poly ethylene glycol groups attached at 

the corners of the inorganic silsesquioxane core (Figure 2.4). The molecule 

has the general formulae (C2m+3H4m+7Om+1)n(SiO1.5)n where n=8,10,12 and 

m=13.3.. It is found to be thermally stable upto 250oC. PEG-POSS is widey 

employed in biomaterials, lithium batteries, cosemetics, dispersion of carbon 

paricles and oxides.2-8 Tang and Qiu studied the effect of poly (ethylene 

glycol)-polyhedral oligomeric silsesquioxane (PEG-POSS) on the 
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crystallisation characteristics of poly(ethylene succinate) (PES). It was found 

that PEG-POSS improves the crystallisation behaviour of PES through its 

plasticizing action. The basic crystal structure of PES remained unchanged 

even in the presence of POSS.9 

 

Figure 2.4: Structure of PEG-POSS 

2.1.4.2  Octa tetra methyl ammonium- polyhedral oligomeric 

silsesquioxane (Octa- TMA-POSS) 

Cage structured anionic-octa(tetramethylammonium)-polyhedral oligomeric 

silsesquioxane (Octa-TMA-POSS) was procured from Hybrid Plastics, Inc, 

USA. 

In Octa-TMA-POSS, the centre inorganic silsesquioxane core corners are 

functionalised with anionic oxygen and tetra methyl ammonium ion (Figure 

2.5). It is widely employed as glassification aid, for luminescence of quantum 

dots and as dispersion agent for metal oxides and nanocarbon. Based on the 

molecular weight and structure, it is found that Octa-TMA-POSS is 

composed of 52 wt% octa(tetramethylammonium).10-12 
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Figure 2.5: Structure of Octa-TMA-POSS 

2.1.5 Cetyltrimethylammonium bromide (C16H33N (CH3)3Br, CTAB) 

Cetyltrimethylammonium bromide (CTAB(C16H33N (CH3)3Br, CTAB) a 

quaternary ammonium cationic surfactant with molecular weight 

364.45g/mol was purchased from Sigma Aldrich.  

 

Figure 2.6: Structure of CTAB 

2.1.6 Carboxy methyl cellulose sodium salt (CMC) 

Sodium Salt of carboxy methyl cellulose was procured from Merck, 

Germany. CMC is soluble in water. CMC is widely used as a stabiliser for 

emulsions and chemical dispersants. About 1% of CMC solution in water has 

1500-3000 centipoise (cps) viscosity at 25oC.  
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Figure 2.7: Carboxy methyl cellulose sodium salt 

2.2 Methods 

2.2.1 Preparation of poly(vinyl alcohol) (PVA)-polyhedral   oligomeric 

silsesquioxane (POSS) membranes 

Solution blending method was employed to prepare PVA/POSS membranes 

(Scheme 2.1). PVA/POSS hybrid membranes with different weight 

percentage of filler loadings (0, 1, 3 & 5 wt% POSS) were prepared with 

respect to the weight % of PVA. 0.1g of POSS was uniformly dispersed in 10 

ml of deionized water using probe sonicator for 15 minutes and 10 g of PVA 

was kept under stirring in deionized water at 75°C for 3 hrs. POSS dispersion 

was added to the PVA with constant stirring for 2 hrs followed by sonication 

for 15 minutes to obtain homogeneous solution. Membranes were prepared 

by casting on a glass plate at ambient temperature. Then the membranes were 

dried at 40°C for 48 hrs in an air oven and 24 hrs in vacuum oven. After 

drying, the samples were kept in a desiccator. The samples were coded as P0, 

PPP1, PPP3, PPP5, POTP1, POTP3 and POTP5, where P stands for 

poly(vinyl alcohol), PP for PEG-POSS and OTP for Octa-TMA-POSS, the 
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numbers 1, 3 and 5 indicate the weight percentage of POSS and P0 stands for 

neat PVA.  

 

Scheme 2.1:   Schematic diagram for the preparation of PVA/POSS membrane 

2.2.2 Modification of Octa-TMA-POSS using cetyltrimethylammonium 
bromide (C16H33N (CH3)3Br, CTAB) 

Octa-TMA-POSS is modified with CTAB (m-POSS) by adopting the method 

reported in the literature.10 It is presented in Scheme 2.2. 982 mg (2.7 mmol) 

of CTAB was dissolved in 35ml of deionised water and 3.994g (1.8mmol) of 

Octa-TMA-POSS was dissolved in 170 ml deionized water at room 

temperature. CTAB solution was added dropwise into the Octa-TMA-POSS 

at room temperature using magnetic stirring. The initial fresh precipitate was 

isolated by filtration and washed many times with hot water. The reaction 

continued for 2 h at a temperature of 50oC with the remaining CTAB solution 

which was added dropwise. The resulting precipitate was separated by a 

centrifugation, washed with abundant hot water and dried under vacuum (500 

Pa, 50oC). 
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Scheme 2.2: Preparation of m-POSS 

2.2.3 Fabrication of crosslinked PVA/m-POSS Membranes 

PVA/m-POSS membranes with different weight percentages of POSS (0, 1, 3 

& 5 wt%) were fabricated by solution blending method. The CTAB modified 

POSS (m-POSS) was ultrasonically dispersed in deionized (DI) water for 25 

min. PVA was dissolved in DI water by subjecting continuous magnetic 

stirring for 3 hrs at 75°C. The m-POSS dispersion was slowly transferred into 

PVA solution with constant magnetic stirring for 4 h followed by sonication 

for 15 min. The resultant solution was cooled down to room temperature and 

crosslinked using 5 vol% glutraldehyde (GLA) and 1 vol% HCl by adding 

slowly. It was further stirred for 1 h. Membranes were fabricated by casting 

the solution on a glass plate at room temperature and then dried in an air oven 

at 40°C for 48 hrs and further kept in an vacuum oven for 24 hrs. The 

membranes were coded as P0, PG, POCPG1, POCPG3 and POCPG5 where P 

stands for PVA, OCP for CTAB modified Octa-TMA-POSS and G for 

glutraldehyde. The numbers 1, 3 and 5 represents the weight percentages of 

m-POSS. P0 and PG indicate pristine PVA and crosslinked PVA respectively 

(Scheme 2.3). Glutraldehyde crosslinked PEG-POSS and Octa-TMA-POSS 

incorporated PVA membranes were coded as PGP and PGO respectively. 
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Scheme 2.3: Fabrication of  crosslinked PVA/m-POSS membranes 

2.2.4 Fabrication of PVA-PEO/POSS membranes 

Inorder to fabricate PVA-PEO/POSS membrane through solution blending 

method, 9g of PVA and 1g of PEO kept separately in double distilled (DD) 

water (120ml) for 1and 3 days respectively for swelling. A homogeneous 

solution of PVA and PEO were prepared by magnetic stirring at 75oC and 

40oC separately for 3 hrs. PEO and 4% CMC solution were transferred 

slowly to PVA solution kept at 60oC with constant stirring for 13 hrs. POSS 

(3wt%, with respect to PVA-PEO) was ultrasonically dispersed in DD water 

for 20 min and added dropwise to the solution and stirred for 24 hrs at 60oC. 

Membranes were fabricated by pouring the solution on a glass plate at room 

temperature, and then allowed to dry in an air oven at 40°C for four days and 

finally dried under vacuum for 24 hrs. The samples were coded as P0, 

PPCPP3 and PPCOP3, where P0 represents pristine PVA, PP for PVA-PEO 

blend, C stands for carboxy methyl cellulose, PP3 and OP3 stands for 3wt% 

PEG-POSS and Octa-TMA-POSS respectively. PVA-PEO blend membranes 

without POSS molecules were found to be less stable. The system exhibited 

good film forming property at 3wt% POSS loading. However, in the presence 

of POSS molecules PVA-PEO membranes shows excellent properties, which 
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indicates strong interfacial interactions between PEO and PVA as presented 

in Scheme 2.4. 

 

Scheme 2.4: Preparation of PVA-PEO/POSS membranes 

2.3 Characterisation 

2.3.1 Spectroscopic Analysis 

2.3.1.1 Fourier transform infrared (FTIR) spectroscopy 

FT-IR is a powerful technique for the qualitative identification of substances 

or functional groups such as C_H, O_H, N_H, C=O etc present in the sample. 

Transmission and ATR are the major mode of analysis for FT-IR.  

In the present work, fourier transform infrared (FTIR) study was carried out 

using Nicolet iS5 (Thermo Fisher Scientific) spectrometer with a spectral 

range from 4000–400 cm-1 and a resolution of 4cm-1. FTIR spectra of CTAB, 

Octa-TMA-POSS and m-POSS particles were taken in transmission mode 

whereas PVA/POSS and PVA-PEO/POSS membranes were carried out in 

attenuated total reflection (ATR) mode. 
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H- Bonding interaction between PVA and nanoparticles are obtained from the 

FT-IR measurements. Khoonsap et al. prepared a nanocomposite of PVA by 

introducing poly(2-hydroxyethyl methacrylate)-grafted silica nanospheres 

(PHEMA grafted SNSs). The peak characteristic of PVA at 3300cm-1 get 

shifted to lower wavenumber by the introduction of PHEMA grafted SNSs in 

PVA matrix suggesting H-bonding between PVA and PHEMA grafted 

SNSs.13 Huang et al. found that the OH stretching peak of PVA at 3302cm-1 

get broadened and shifted to lower wave number by the incorporation of 

graphene oxide nanosheet (GONS), indicating H-bonding interaction between 

PVA and GONS.14 

2.3.1.2 1H NMR spectroscopy 

1H NMR measurement of m-POSS particle was recorded on a Bruker Avance 

III, 400 MH FT NMR spectrometer operated at 400MHz using 

tetramethylsilane (TMS) as a reference. The m-POSS particle was dissolved 

in D-chloroform (CDCl3).  

2.3.1.3 Positron annihilation lifetime spectroscopy (PALS)  

Positron annihilation lifetime spectroscopy (PALS) is the most acceptable 

technique to probe free volume parameters such as size, size distribution and 

concentration of fractional free volume present in the polymer membrane by 

measuring the lifetime of positrons implanted into the few tenths of mm 

interior of polymer. They either annihilated directly as free positron or 

migrate to cavities (free volume space) in the polymer where they interact 

with electrons in polymer and form hydrogen-like positronium (Ps) particle.  

Ps can be formed two possible spin states: para-positronium (p-Ps having 

positron-electron antiparallel spin) and ortho-positronium (o-Ps having 

parallel spin) with 1:3 is the formation rate. So the materials generally give 
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three life time components (τ1, τ2 and τ3). The fourth component (τ4) also 

achieved in certain polymers. The first component (τ1) is an admixture of 

annihilation of p-Ps lifetime (125 ps) and the annihilation of positron life 

time. The second component is characteristic for the annihilation of free 

positrons (τ2 ≈ 4 ps) entrapped in polymer holes. o-Ps component entrapped 

in a free volume cavity exhibit
 
longest pick-off annihilation lifetimes τ3 (o-

Ps≈ 142 ns). In some membranes o-Ps have longer life time τ3 and τ4 are 

present due to the presence of both smaller and larger sized free volume 

defects. τ3and τ4 are proportional to the size of free volume cavity in the 

membrane and the intensities I3 and I4 are corresponding to the concentration 

of free void with radius R3 and R4 in the membrane respectively. Tao and 

Eldrup designed a model correlated Ps (quantum particle) lifetime τ3 with 

radius of free volume R3 using simple quantum mechanical model (equation 

(2.1)).15-16 Assumed that Ps resides in a spherical potential well (free volume 

cavities) of radius R with infinite depth. The Ps  interacts with electrons in a 

thin layer ΔR at the spherical wall  

 

                (2.1) 

where R0 is R3+ΔR. Δr is derived to be 1.66 Ao. Fractional free volume fv 

present in the membrane could be calculated by, 

                                        fv = 3
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PALS has been performed in EG&G ORTEC fast–slow coincidence 

spectrometer under high vacuum condition, with quartz window as detector 

which is shaped conically to achieve improved resolution. All samples were 
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the test and 22Na positron source stacked in between the samples, to make 

sure that the Ps is annihilated in the membrane. The spectra were measured 

using a finite-term lifetime analysis method with PATFIT program and by a 

continuous lifetime distribution with the MELT program. 

Choudalakis and Gotsis widely reviewed free volume and transport properties 

of polymer nanocomposites. The presence of nanoparticle in the polymer 

greatly influences the diffusion of molecule across the polymer because of 

the tortuosity of the diffusion path and changes in the free volume. In clay 

incorporated polymer systems tortuosity effect is the dominating factor, while 

in spherical particle incorporated polymers free volume properties are the 

controlling factor for the diffusion of molecules.17 

2.3.2 Microscopic analysis 

Morphology as well as distribution of nanoparticle on the polymer matrix can 

be analysed through microscopic studies such as scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) and atomic 

force microscopy (AFM). These imaging techniques can provide information 

about composition, agglomeration and phase separation of nanoscale 

additives in the polymer matrix. 

2.3.2.1 Transmission electron microscopy (TEM) 

TEM is a very powerful technique to produce highly magnified and more 

detailed image of samples and can be used to measure nanoparticle size, 

crystallite size and to detect internal composition of samples. Zhang et al. 

synthesised amphiphilic aminoisobutyl-POSS incorporated poly(acrylic acid) 

(PAA) hybrid  by RAFT polymerization of tert-butyl acrylate. From the TEM 

image they found the self assembling behaviour of POSS embedded PAA in 

water.18 
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The distribution of POSS particles in the PVA matrix was analysed through 

transmission electron microscopy (TEM) using JEOL-JEM 2100, Japan, and 

operated at 200 kV. The ultra-microtome (Leica, Ultracut UCT) employed to 

cryocutting of specimens into ultrathin sections and sited on a 300 mesh Cu 

grids at room temperature.  

2.3.2.2 Scanning electron microscopy (SEM) 

SEM is another technique used to study the surface morphology of materials. 

SEM image of cryogenically fractured surface of PVA/POSS, PVA/m-POSS 

and PVA-PEO/POSS membranes were examined using scanning electron 

microscope (SEM), SU6600 (Hitachi, Japan) device. The specimens were 

fractured in liquid nitrogen and coated with gold before examination. 

Morphology of all tensile fractured specimens were observed using JEOL 

Model JSM-6390 LV. 

SEM image of all tensile fractured samples at hydrated state were taken under 

the Tescan Vega 3 SBH at 1-30 KV. The samples were coated with Quorum 

SC7620 (Au-Pd) by sputtering to avoid charging. 

2.3.2.3 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is another powerful high-resolution imaging 

technique for understanding the morphology of composite membranes from 

the micron to atomic scale. It provides 1000 times better resolution than an 

optical diffraction limit. 

The morphology analyses of the PVA/POSS, PVA/m-POSS and PVA-

PEO/POSS membranes were performed in the tapping mode Alpha 300RA 

atomic force microscope (AFM). Height, phase and 3D images of membranes 

were taken at 25oC under ambient air condition with a silicon nitride 
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cantilever at 256 X 256 pixels resolution. Phase image provides the 

information about membrane surface structure and height image records 

surface roughness along with morphological information. The root-mean-

square surface roughness (Rq) was determined-using the equation, 

)),(( NZZFRR aveiq 
                          

 (2.3) 

Rq investigate the value of standard deviation of height (Z) in the given area 

of the membrane. N, Zi and Zave corresponds to number of points in the given 

area, current and average Z values respectively within the given area of the 

membrane. 

2.3.3 X-ray diffraction (XRD) 

XRD is a widely used characterisation technique in materials science. It is a 

key tool to characterise structural information of material such as phase 

transitions, crystallinity, interatomic distances, bond angles and size. An X-

ray beam falls over the crystal, atoms in the crystal scatters the X-rays by 

constructive interference and produce a diffraction pattern that is 

characteristic to its structure or the arrangement of atoms in the crystal. 

Diffractogram of the material is plotted by taking 2θ (angle of diffraction) 

against intensity. The correlation between angle of incidence of the beam, the 

spacing between the crystal lattice planes of atoms and incident X-rays 

wavelength are shown by Bragg’s law. 

 sin2dn                                               (2.4) 

Crystallinity is an important factor that affects the mass transport 

performance of polymer membranes due to the highly impermeable nature of 

the crystalline phase of the polymers. Amorphous polymer membranes 

exhibit good transport performance due to the presence of free volume 
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available for diffusion. Semicrystalline polymers have lesser free volume 

than the amorphous polymer hence the transport occuring in such membranes 

are around the crystallites in a tortuous path. 

X-ray diffraction (XRD) experiments were performed on X’pert 

diffractometer, Philips using Ni- filtered Cu-K radiation with =0.154 nm 

and operated at 40 keV and 30 mA. The samples were scanned in step mode 

by 1.5o/min scan rate in the range of 2 < 12o. The specimens of 1x1cm 

dimension were used for the analysis. 

2.3.4 Water contact angle () measurement  

Water contact angle measurements were conducted on membrane surface at 

27oC using Tantec machine, model CAM-Micro. Using the micro syringe 5 

µl volume is keep up in the sessile drop and the contact angle was determined 

within 50–60 s of the addition of the water drop on the membrane surface. 

The measurements were repeated using the five samples of the same 

membrane and the images were saved as snap shots. 

Wettability of membrane surface is an important parameter in material and 

surface science. It ascribes the extent of liquid spread on a solid surface and 

is analysed using water contact angle (, it is the angle between the solid and 

liquid surface) measurements. Depending on the nature of the surface such as 

geometrical structure and surface chemistry, the contact angle,  changes 

significantly. If << 90o, indicates higher affinity of membrane towards water 

or fast spreading of water (hydrophilic surface). Those membranes with >> 

90o indicates hydrophobic surface.19 
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The contact angle study is very important to examine all solid–liquid 

interfacial phenomena. Fundamental wetting features are work of adhesion 

(WA), surface free energy ( s ) and interfacial free energy ( sl ) 

(1) WA calculated as follows, 

1)cos1( AW                                        (2.5) 

where 1 is the surface tension of the liquid used for the contact angle 

measurement. 

(2) Owens–Wendt theory is employed to calculate s  and is given 

below,  

p
s

d
ss  

                                               (2.6) 

 (3) The following Dupres equation applied to calculate
 sl   

sl = Als w                                          (2.7)  

Contact angle between liquid drop and solid surface can be illustrated using 

the Young’s equation shown below  

Yslsg  coslg
                                     (2.8) 

Where Y is the Young’s contact angle, s, l and g represents solid, liquid and 

gas respectively. sg , sl , lg  correspond to the interfacial surface tensions. 

Relation between contact angle of a solid surface with surface roughness for 

homogeneous and heterogeneous surfaces can be explained by Wenzel and 

Cassie−Baxter models respectively. 



Chapter 2                                    Materials, Methods and Characterisation Techniques  

                                                

 108 

Wenzel equation is,  

Yw r  coscos                                                 (2.9) 

Cassie-Baxter equation is given below, 

 1coscos  ffc                                     (2.10) 

In Wenzel equation, r is the surface roughness factor and w  
the apparent 

contact angle. Based on this model, increased surface roughness leads to the 

increase in the wetting characteristic of the membrane.  

In Cassie-Baxter equation, f is the fractional area of solid in contact with 

liquid drop having contact angle of θ. c  
is the contact angle in the Cassie-

Baxter model. If f increases surface roughness also increases.  

2.3.5 Differential scanning calorimetry (DSC) 

Differential scanning calorimetric (DSC) studies of PVA/POSS membranes 

were performed using DSC 8500-Perkin Elmer, Waltham, Massachusetts, 

U.S., calorimeter at a scan rate of 10oC/min during the temperature range of 

30-240oC under N2 atmosphere. 

DSC analysis of PVA/m-POSS and PVA-PEO/POSS membranes were 

conducted using DSC-Q1000, Universal V4.2E TA instruments under 

nitrogen gas flow in the temperature range of 0 to 250°C at a heating rate of 

10°C/ min. The first cooling and second heating curves were identified and 

analysed in a nitrogen atmosphere to find out the crystalline behaviour of the 

composites. The degree of crystallinity (Xc) of all membranes were 

determined using the equation,  

100x
H

H
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Where fH is the measured enthalpy of fusion and 
0
fH  is the theoretical 

value for enthalpy of fusion of the 100 % crystalline PVA. 
0
fH of PVA is 

138.6 J/g.20  

2.3.6 Water uptake study 

Dry membranes with thickness 0.5mm were cut into circular shapes with 1.3 

cm diameter and weighed (Wdry). It was then dipped into a diffusion bottle 

containing distilled water at room temperature. The membranes were drawn 

out periodically and wiped with a filter paper and weighed (Wwet) in an 

electronic balance. The weights were noted periodically. The average values 

were obtained with 4 pieces of membranes. The water absorption capacity 

(WAC %) were calculated using the equation below. 

 

             (2.12) 

2.3.7 Swelling study 

Dry membranes with a known weight (W0) were immersed in azeotropic 

THF-water (for PVA/POSS and PVA-PEO/POSS membranes) and 

isopropanol (IPA)-water mixture (for PVA/m-POSS membranes) for 3 days 

at room temperature to allow them to reach their equilibrium swelling. The 

swollen membranes (W1) were wiped with a filter paper and weighed (W1). 

The degree of swelling (DS) was calculated using the equation below. 

 

                           (2.13) 

2.3.8 Mechanical properties  

Mechanical properties of polymer composites are highly influenced by the 

structure and properties of interphase between matrix and filler because the 
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stress transfer between nanofillers and the polymer matrix is controlled by the 

interphase between them. The addition and fine dispersion of fillers in 

polymer matrix is found to be an effective method to enhance the polymer 

properties.21-22 The interfacial interaction between polymer matrix and filler is 

the key factor in controlling the stress transfer from host matrix to reinforcing 

agents. The tensile properties of all fabricated membranes were performed 

using INSTRON-3365 at room temperature with tensile force of 5 kN and 

crosshead speed of 50 mm/ min. Rectangular samples with 10 X 1 cm 

dimension and 0.5mm thickness were used for the analysis. In order to 

demonstrate reproducibility, five samples of each membrane were analysed. 

The mechanical strength of the samples in wet condition were also analysed 

with INSTRON-3365 at 50 mm/min crosshead speed. All specimens of each 

sample were kept in water containing dessicator for two weeks prior to the 

tensile test at ambient temperature. 

2.3.9 Dynamic mechanical analysis (DMA) 

Dynamic mechanical analysis is used to measure the viscoelastic properties 

of the material by the application of oscillatory deformation as a function of 

temperature. Dynamic mechanical analysis (DMA) of PVA/POSS 

membranes were performed using Metravib instrument under tensile mode at 

a fixed frequency of 1 Hz and in a temperature range from 25 to 150oC at a 

heating rate of 3oC min-1. Storage modulus (E’), loss modulus (E”) and 

damping behaviour of PVA/POSS membranes were computed from the data.  

2.3.10 Pervaporation studies 

Apparatus used for pervaporation experiments is schematically illustrated in 

Scheme 2.5. For the pervaporation process, mass transfer through the 

membrane occurs according to the solution diffusion mechanism. The 

pervaporation separation of azeotropic mixture of THF-water (ie, 94.7 wt% 

THF and 5.3 wt% water) and IPA-water (ie, 87.5 wt% IPA and 12.5 wt% 
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water) system were performed using circular membrane with an effective 

membrane area of 16.6 cm2. The feed mixture at azeotropic composition was 

poured into the upstream side of the membrane. Concentration gradient 

between upper and downstream side of the membrane is the basic driving 

force for separation, which is created by maintaining the pressure on the 

permeate side at 1mms of Hg by a vacuum pump. The permeate vapour was 

collected and condensed in a cold solvent trapper kept in liquid nitrogen. The 

collected permeate was weighed using a digital microbalance (Mettler 

Toledo- JB1603-C/FACT) with an accuracy of 10-4 g to evaluate the flux. 

Permeates were analysed by gas chromatography (GC) (Agilent GC7894 

equipped with a DB624 column with length 30 m and 0.32 mm thickness and 

a FID detector) as well as Abbe’s refractometer to calculate the membrane 

selectivity. The obtained refractive index value was compared with a standard 

graph of refractive index versus feed mixture composition curve. The 

experiment was repeated for all membranes at the same condition until 

reproducible data were obtained.  

 

Scheme 2.5: Schematic illustrations of the pervaporation apparatus 
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There are number of well known equations in the field of transport studies, 

which are presented here.  

2.3.10.1 Flux and separation factor 

Separation performance of polymer membranes can be described on the basis 

of total flux (J) and separation factor (α) and pervaporation separation index 

(PSI), that can be calculated from the following equations.23 

                                          
At

Q
J                                                 (2.14) 

Here J is the molar flux (Kg/m2h), Q is the total mass of the permeate (Kg), A 

is the membrane area in contact with feed (m2) and t is the permeation time. 

The component flux of each component of a liquid mixture (for example: 

THF-water system) was calculated using equation (2.15). It is the product of 

the total permeation flux with the weight fraction of each component in the 

permeate. 

 THFTHF XJJ *   and         OHOH XJJ
22

*                                           (2.15) 

JH2O and JTHF indicating the component flux of water and THF respectively. 

XH2O and XTHF are the permeate composition of water and THF in THF-water 

mixture. 

The permselectivity of composite membrane is defined by separation factor 

(α): 

                        T

W

T

W

Y
Y

X
X



                                               

(2.16) 
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where XW,  XT,  YW and YT are the weight fraction of water and THF in the 

permeate and feed respectively. 

 Enrichment factor )(  is another parameter to assess membrane separation 

performance, which can be expressed as 

                                     
w

w

Y

X
                                            (2.17)                    

Generally, pervaporation separation index (PSI) is applied to summarize the 

overall permeance of the membrane for a selected feed mixture as a product 

of flux and selectivity.                       

                                   1 JPSI                                        (2.18) 

In the absence of separation, PSI becomes zero. 

2.3.10.2  Permeance and Selectivity 

Recently Baker et al., developed a more accurate and better expression for 

PV data in terms of permeability or permeance and selectivity instead of flux 

and separation factor.24 Membrane permeability (Pi) of each component in the 

feed can get from the expression, 
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
                                      (2.19) 

Where Ji is the molar flux of the component i in the feed, l is the membrane 

thickness and Pio and Pil vapour pressure of the component i over feed and 

permeate side of the membrane, which is the driving force for the separation. 
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The membrane permeance (Pi/l) is defined as the molar fluxes divided by the 

difference of partial vapour pressures at the feed and permeate side of the 

membrane. This is expressed in gas permeation unit (gpu) and one gpu is 

3.349 x10-10 mol per m2.s.Pa.  
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                                           (2.20) 

The membrane water selectivity (αwt) is defined as the ratio of permeability 

coefficients or permeance (PW) of water over the THF (PT) through the 

membrane. 
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2.3.10.3 Diffusion coefficient measurement 

Diffusion coefficient (D) is a kinetic parameter, which is greatly influenced 

by factors such as molecular diameter of the penetrant and segmental 

mobility of the polymer. D can be obtained from the following equations.25-26 
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where n is an integer and h is the thickness of the membrane.  Qt and Q 

refers to the solvent uptake at time ‘t’ and equilibrium mole percentage of 

solvent uptake of the samples respectively.  
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MMs, Ms and Mp are the molar mass of solvent, mass of the solvent absorbed 

and mass of polymer respectively. 

D can be calculated from the initial slope ( ) of the linear portion of   Qt Vs 

t1/2graph 
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2.3.10.4 Swelled membranes density measurements 

The density of swelled membrane was determined using specific gravity 

bottle and calculated using the following expression.27 
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 (2.26) 

where wW is the weight of swollen membrane, spV  and spV are the volume of 

the bottle and the volume of the filled water in the bottle. 

spV  is calculated by:  
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Where Wsp.d and Wsp.w are the weight of dry bottle and the bottle filled with 

distilled water. w is the density  of water at room temperature.  
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Each swelled membranes were weighed and immediately transferred into the 

specific gravity bottle filled with distilled water and its weight ( mspW . ) was 

taken.  From this, spV  was calculated using the equation (2.28), 

w
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                         (2.28) 

2.3.11 Gas permeability analysis 

The LYSSY AG L 100–5000 gas permeability tester employed to analyse gas 

permeability of N2, O2 and CO2 of membranes in manometric method at room 

temperature and 1 atm pressure according to ASTM standard D1434. All 

measurements were repeated three times for all samples. Samples of 9 cm 

diameter were employed for the analysis. Schematic representation of 

experimental set up is presented in Scheme 2.6. 

Permeability (Px,) and selectivity (αx/y) are the intrinsic gas transport 

properties of the particular membrane-gas permeate system. Px and  αx/y are 

expressed as , 

      
12 ff

lJ
Px




  

or 
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areaXtimeXmembranetheacrossdroppressure
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Px   (2.29) 
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Scheme 2.6: Set up for gas permeability tester 
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 (2.30) 

where Px and Py refers to permeability of polymer towards the gases x and y, J 

is the flux of the gas achieved with the membrane.  

Permeability is expressed in Barrer (1 Barrer = 10-10 cm3 (STP) cm cm-2s-1 

cmHg-1). Gas Permeance Unit (GPU) is employed instead of Barrer if the 

thickness of the membrane is not provided (1 GPU = 10-6 cm3 (STP) cm-12s-1 

cmHg-1).

 

 ‘P’ can also be expressed in different units such as ‘cm3.cm/ cm2·s·Pa’, 

‘cm3.cm/cm2.s.cmHg’and ‘cm3.cm/m2.day.atm’  
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2.3.12 Thermo gravimetric analysis (TGA) 

An insight into the thermal stability is important to control the processing 

conditions of the polymer. Thermal degradation studies of membranes were 

analysed using Pyris 7 TGA, of M/s Perkin Elmer, California. Samples were 

scanned from room temperature to 700oC at a heating rate of 10oC/minute 

under nitrogen atmosphere. 
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Chapter 3 

Characterisation, Mechanical and Viscoelastic 
Behaviour of PVA/POSS System 

 
 

Summary 

Polyhedral oligomeric silsesquioxane (POSS) embedded poly(vinyl alcohol) 
(PVA) hybrid membrane was successfully fabricated by solution blending 
method. The membranes were characterised using FTIR, XRD, SEM, TEM, 
AFM and contact angle measurements. The melting and crystallisation 
behaviour of PVA/POSS system was studied from differential scanning 
calorimetric (DSC) analysis. The effect of POSS on the mechanical and 
dynamic mechanical properties of PVA has been analysed and discussed in 
detail with respect to the weight percentage of POSS. The relaxation 
corresponding to the crystal–crystal slippage, characteristic of semicrystalline 
polymers were observed in storage modulus curves of PVA/POSS system, 
which is an indication of the crystalline nature of matrix even in the presence 
of POSS.  

 
 
This chapter has been published in Journal of Applied Polymer Science, 
Wiley, 2017,134, 45447 
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3.1 Introduction 

In recent years, organic-inorganic hybrid materials have received wide 

research interest because of their outstanding comprehensive property arising 

from the synergizing effect of both components. Polyhedral oligomeric 

silsesquioxane (POSS) is a potential hybrid organic-inorganic reinforcing 

nanofiller. The most significant feature of POSS is its molecular scale 

equivalence to organically modified particles. The chemical composition of 

POSS is in between silica (SiO2) and silicones (R2SiO). This versatile filler 

possesses three-dimensional rigid Si_O frame forming core with the formula 

Si8O12 (the ratio of Si:O is 2:3) with Si_Si diameter of 0.53 nm surrounded by 

eight different functionalised organic groups represented by R. Unlike other 

nanofillers, POSS molecules have perfectly defined chemical structure and 

good functionalisation flexibility. It is possible to generate large number of 

different characteristic POSS-based molecules by changing the size and 

nature of functional side groups on the POSS and that will improve 

compatibility of POSS with many polymer systems. The rigid POSS 

molecules incorporated polymers have drawn as a new chemical technology 

and acquired great attention due to the simplicity in processing and superior 

performance for polymer systems in terms of viscoelastic behaviour, 

mechanical properties, rheological properties, flame retardance and thermal 

behaviour.1–9 

Poly(vinyl alcohol) (PVA) is a water soluble, non-toxic, biodegradable and 

biocompatible polymer that has been studied intensively in many research 

industries for the application in drug-delivery systems and artificial 

biomedical devices. However, hydrophilic nature and insufficient mechanical 

properties of PVA seriously limit its wider application.10–14 In the present 

study, PVA/POSS membranes were prepared by solution casting method. 

Two types of POSS were used for the present study, anionic-

octa(tetramethylammonium) (Octa-TMA) and poly(ethylene glycol) (PEG) 
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functionalized POSS. Rahman et al. reported the effect of amphiphilic PEG-

POSS on the thermal and gas permeation properties of some polymeric 

systems.15-16 The present chapter deals with the effect of different 

functionalised POSS on the mechanical and dynamic mechanical properties 

of PVA. 

3.2 Results and discussion  

3.2.1 Characterisation 

FTIR studies are carried out in order to determine the interaction in PVA and 

PVA/POSS systems. As shown in Figure 3.1(a) PVA exhibits a band at 3260 

cm-1 characteristic of O–H group. However, with the introduction of  PEG-

POSS broadening and shifting of the O_H peak of PVA to lower 

wavenumber is observed due to the weak H-bonding interaction between 

PVA and PEG-POSS.17 Schematic representation of expected interactions 

between PVA and PEG-POSS is presented in Scheme 3.1.  

 

Figure 3.1:  FTIR spectra of (a) PVA (b) PPP1 and (c) PPP3 
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Scheme 3.1: Schematic representation of hydrogen bonding interaction 
between PEG-POSS and PVA 

 XRD measurements are used to investigate the effect of amphiphilic POSS 

on the semicrystalline nature of PVA matrix due to its tendency to form 

hydrogen bonds. Neat PVA shows a strong intense diffraction peak at 19.3o 

which is assigned to (200)/(100) planes. The obtained data is in agreement 

with the value reported by Zhao et al. for PVA.18 It also shows less intense 

peaks at 2θ, 22.4o, 40.3o, 81.0o and 94.8o
, which are characteristic of 

semicrystalline PVA. 

Figure 3.2(a) shows the XRD pattern of pristine PVA and PVA/PEG-POSS 

systems. In the PEG-POSS embedded PVA system the intensity of diffraction 

peak at 19.3o get reduced with increasing the weight percentage of PEG-

POSS, corresponding to the decrease in the chain packing of PVA in the 

presence of PEG-POSS particles. The decrease in diffraction intensity with 

the weight percentage of PEG-POSS indicates the difficulty in PVA 

crystallite formation due to the intercalation of PEG-POSS molecules 

between the PVA chains. The observation is in well-agreement with the 

crystallinity computed from DSC which is discussed in the later part of this 
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chapter.  Figure 3.2(b) shows strong diffraction peaks at 2θ’s of 6.3o (d=13.8 

Ao), 8.6o (10.2 Ao), 25.7o (3.4 Ao), 27.4o (3.2 Ao), 80.9o (1.1 Ao) and 97.8o (1.0 

Ao) for Octa-TMA-POSS, which is an indication of the high crystallinity of 

the material. But the sharp diffraction peaks derived from Octa-TMA-POSS 

disappear when it is dispersed in PVA matrix due to the uniform dispersion 

of silsesquioxane in PVA matrix. However, the intensity of peak at 2θ=19.3o, 

which is characteristic of semicrystalline PVA increases significantly upon 

the introduction of Octa-TMA-POSS, indicating the Octa-TMA-POSS 

induced change in the crystalline phase of PVA chain. It may be due to the 

electrostatic interaction (ion-dipole) which exist between PVA and Octa-

TMA-POSS resulting in the positional orientation, and is schematically 

illustrated in Scheme 3.2. Octa-TMA-POSS can act as a nucleating agent and 

there is a remarkable increase in the crystallinity of composites.  
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Figure 3.2: XRD patterns of  (a) PVA and (b) PVA/POSS systems 

 

Scheme 3.2: Schematic representation of ion-dipole interaction between 
Octa-TMA-POSS and PVA 

Morphology and distribution of particles in the matrix has great influence on 

the properties of the polymer membrane. The homogeneous dispersion of 

POSS particles in PVA matrix is observed from transmission electron 
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micrographs and is presented in Figure 3.3. The dark and bright portions in 

TEM indicate the POSS and polymer matrix respectively. It is seen that the 

POSS particles are rather well dispersed in the polymer matrix. This can be 

explained in terms of good interaction of organic constituents of POSS with 

PVA matrix. The functional groups in the PEG-POSS and Octa-TMA-POSS 

are chemically interacted with PVA by hydrogen bonding and ion-dipole 

interactions respectively. 

  

 

Figure 3.3: TEM image of (a) PVA (b) PPP3 (c) POTP3 

The evaluation of field emission scanning electron micrographs (FESEM) of 

cryogenically fractured membranes gives information about domain 

morphology with varying functional group on the POSS and it is displayed in 

(a) (a) (b) 

(c) 
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Figure 3.4. PEG-POSS embedded PVA membrane (Figure 3.4 (b&c)) 

shows a smooth and dense structure as in pure PVA without forming any 

bulky agglomeration due to the good interfacial bonding between polymer 

and POSS without any noticeable defect at the PVA–POSS interface. 

However, spherically shaped Octa-TMA-POSS particles are observed in the 

PVA matrix as seen in Figure 3.4 (e-f).  
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Figure 3.4 (a-g): SEM images of (a) P0 (b) PPP1 (c) PPP3 (d) PPP5 (e) 

POTP1 (f) POTP3 (g) POTP5 

In POTP system, the silsesquioxane core effect is more prominant over side 

chain effect. The clustering of POSS particles are seen at higher weight 

percentage (5wt%) due to its nanostructure, as it has tendency to reduce its 

surface energy (Figure 3.4 (d & g)). Therefore, at higher wt% of POSS, 
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POSS-POSS network formation is considered to be predominant over PVA-

POSS network. As a result, the surface area and surface activity of the filler 

get reduced followed by the reduction in the interfacial interaction between 

the filler and matrix. It reduces the crystallinity and general properties of the 

membrane like the separation of solvent and gas mixtures.  

The SEM micrographs of tensile fractured surfaces of PVA/POSS are 

presented in Figure 3.5. In the micrographs, it is very hard to observe 

nanoparticles, which indicate the homogeneous dispersion of filler in the 

matrix. The arrows shown in the images represent the crack initiation front, 

as well as the crack propagation direction. The SEM image of PVA exhibits 

nonlinear deformation of the surface and branched crack propagation. The 

fibrillar-like structure can be seen throughout the fracture surface of 3wt% 

PEG-POSS incorporated PVA, suggesting a collective contribution of 

nanofiller to the fracture toughness. PEG chain on the surface of POSS 

molecule is responsible for the crack bifurcation in PPP system. The rigid 

core of POSS particle can act as an obstacle for the growing crack and 

leading to the deviation from the initial path thereby creating secondary 

cracks. However, for the 3wt% POTP system, a linear-like propagation can 

be observed indicating the least expenditure of energy for the fracture. The 

uniform dispersion and the strong interaction of Octa-TMA-POSS enhance 

the crystallinity as well as the mechanical properties of the composite. 
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Figure 3.5: SEM images of tensile fractured surfaces of (a) PVA (b) PPP3 (c) 

POTP3 systems  

The wettability of the membrane surface is an important aspect of material 

science and surface chemistry because it can be used to ascribe the extent to 

which a liquid spread on a solid surface and is usually expressed by contact 

angle . It provides a primary data on the surface wetting behaviour of a 

polymer when it is in contact with a liquid. If  << 90o the surface is 

hydrophilic and  >> 90o surface is hydrophobic. The surface roughness 

plays a significant role in the determination of surface wettability.  

When a drop of water is in contact with a surface, depending on the nature of 

the surface the shape of the droplet get changed. As illustrated in Figure 3.6, 

the water contact angle for pristine PVA is in the wetting range (61o). With 

the introduction of the hydrophilic POSS to PVA matrix, a significant change 

in contact angle value is observed due to the presence of peripheral side chain 

(a) (b) 

(c) 
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and rigid siloxane core of POSS. This can be attributed to the good 

interaction between hydrophilic POSS and PVA chains. The contact angle of 

PPP system is found to be < 40o due to the adhesive interaction of the liquid 

drop on the solid surface. The Wenzel model is considered to be more 

appropriate for explaining the behaviour of PPP system.19 The equation is, 

cos w = r Ycos , where w the apparent contact angle, Y is Young contact 

angle and r is the surface roughness factor. According to this equation, the 

increase in surface roughness results in enhancement of the wetting property. 

If r >1, the hydrophilicity ( Y < 900) of the surface increases ( w < Y ). In the 

present case, the hydrophilic PVA surface becomes more hydrophilic and 

rougher (shown in AFM studies) by the incorporation of the PEG-POSS due 

to the compatibility of the hydrophilic PEG tails in the PVA matrix. In the 

case of PVA/Octa-TMA-POSS system, the contact angle is found to be 

higher at lower loading as compared to PVA while at higher loading it 

decreases due to the presence of polar functional group on the membrane 

surface. Based on the molecular weight and structure of POSS, PEG-POSS 

and Octa-TMA-POSS composed of approximately 92 and 52 wt% of 

hydrophilic functional groups respectively. As seen in Figure 3.6, the 

hydrophilicity of PPP systems are higher than POTP systems. 

 

Figure 3.6: Water contact angle images on the surface of PVA and 

PVA/POSS membranes. 

POTP3 PPP3 

P0 POTP1 PPP1 
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Atomic force micrographs of neat PVA and PVA/POSS systems of surface 

area 5 x 5 µm are presented in Figure 3.7 and Figure 3.8. The bright and 

dark spots observed in the AFM image of the membranes represents the  

highest and lowest points in the membrane surface.15 The roughness 

parameters such as average deviation of height (Ra) and root mean square 

deviation of height (Rq) of all membranes are included in the AFM images. It 

is evident that PVA membrane exhibits higher surface roughness and 

substantial changes in surface topography by the introduction of PEG-POSS 

particles and at higher Octa-TMA-POSS loading. However, 1wt% Octa-

TMA-POSS introduction in PVA matrix reduced the surface roughness 

significantly. The variation in the surface roughness by varying  functional 

group and concentration of POSS molecule in PVA matrix is probably due to 

the variation in the  polar functional group accumulation on the membrane 

surface and variation in the nature of interaction between the functional group 

on the POSS and PVA chains which led to surface reorganisation of chains of 

PVA. Generally, rough surface materials have higher hydrophilicity.20 

Surface roughness and hydrophilicity enhance the sorption sites in the 

membrane, which results in large flux for PEG-POSS incorporated PVA 

systems. In the case of  POTP system, a new surface morphology developed 

due to ion-dipole interaction and later studies revealed that it enhances the 

selectivity of the membrane.  
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Figure 3.7: Height image and corresponding 3-D AFM images  of (a-b) pure 
PVA, (c-d) PPP1 and (e-f)  POTP1 

(e)  
Ra (nm) = 4.6 
Rq (nm) = 5.8 

(a)  
Ra (nm) = 5.1 
Rq (nm) = 9.5 

(c)  
Ra (nm) = 11.4 
Rq (nm) = 14.7 

(b)  

(d)  

(f)  
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Figure 3.8: Phase image and corresponding 3-D AFM images  of (a-b) pure 
PVA, (c-d) PPP3 and (e-f)  POTP3 

DSC analysis provide information about various parameters such as melting 

temperature (Tm), crystallisation temperature (Tc), heat of fusion (ΔHf) and 

heat of crystallisation (ΔHc) of PVA/POSS system. Figure 3.9 shows the 

DSC curves of neat PVA and PVA/POSS systems in heating and cooling 

(a)  
Ra (nm) = 5.1 
Rq (nm) = 9.5 

(c) 
Ra (nm) = 12.6 
Rq (nm) = 15.7 

(e)  
Ra (nm) = 10.5 
Rq (nm) = 15.1 

(b)  

(d)  

(f)  
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mode. The melting peak corresponding to POSS molecule is absent in the 

heating scan indicates the good dispersion of POSS molecules in the PVA 

matrix. PVA shows the melting endotherm with an onset and end set 

temperature of 209 and 231oC, respectively. A summary of melting and 

crystallisation data corresponding to the heating and cooling curves are 

presented in Table 3.1. A alteration in melting and crystallisation behaviour 

of PVA can be observed upon the addition of functionalised POSS.  

PEG-POSS reduces the Tm and ΔHf of PVA, since the low molecular weight 

PEG side groups on POSS hinders crystallisation process in PVA and it gets 

melted at a lower temperature than PVA. In POTP system, there is a 

significant increase in Tm of PVA at lower weight percentage of POSS due to 

the increased crystalline behaviour of PVA in the presence of Octa-TMA-

POSS. The crystallisation exotherm of PVA is slightly shifted to higher 

temperature in the presence of PEG-POSS and Octa-TMA-POSS due to the 

nucleating action of  PEG-POSS and Octa-TMA-POSS on PVA matrix.  

The degree of relative crystallinity (Χc) in all samples can be calculated using 

the equation (2.11) given in chapter 2.21 The principle of polymer physics 

establishes that the polymer with greater crystallinity also possesses greater 

heat of fusion and melting point. The presence of eight flexible oligomeric 

PEG units on the siloxane core of POSS destroyed the crystalline area of the 

PVA after the addition of PEG-POSS. The POTP system exhibits enhanced 

crystallinity at minimum loading of Octa-TMA-POSS due to the presence of 

highly rigid three dimensional inorganic core of POSS. At higher loading, 

there is a marginal decrease in crystallinity due to the clustering behaviour of 

Octa-TMA-POSS.                             
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Figure 3.9: DSC heating and cooling curves of PVA/PEG-POSS (a&b) and 
PVA/Octa-TMA-POSS (c&d) 
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Table 3.1: The Effect of POSS loading on the melting and crystallisation 

parameters of PVA 

Samples Tm 

(°C) 

∆Hf 

(J/g) 
Tc 

(°C) 
∆Hc 

(J/g) 

Crystallinity 

 % 

P0 226 56 197 65 40 

PPP1 221 46 198 59 39 

PPP3 226 49 199 57 38 

PPP5 221 54 197 55 36 

POTP1 228 59 198 65 43 

POTP3 227 56 198 65 41 

POTP5 226 50 199 64 36 

 

3.2.2 Properties 

3.2.2.1 Mechanical properties 

The mechanical properties of PVA-POSS system depend on the structure and 

functional groups present in the POSS as well as the interfacial characteristics 

of the components.22 Interfacial interaction depends on the area at the 

interfacial region and the extent of interaction between filler and matrix. 

Tensile testing results are tabulated in Table 3.2. Figure 3.10 depicts the 

stress-strain graph of PVA and PVA/POSS films with 1,3 and 5wt % POSS 

loading. It can be seen that PVA attained a maximum strain of 327% before 

fracture while the POSS-incorporated PVA exhibits remarkable changes in 

fracture strain. It is interesting to note in the Figure 3.10 (a)  that the PPP3 

system exhibits sharp enhancement in fracture strain from 327 to 536% due 

to the presence of eight flexible PEG tails on the siloxane core of POSS.23-24 

The mechanical performance of POSS filled systems is highly influenced by 

soft and ductile organic shell, as well as hard and rigid inorganic silica core 
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of POSS. PPP system possesses excellent ductility as evidenced by the very 

high elongation at break. The soft and flexible PEG moiety in the 

functionalised POSS is the reason behind the enhancement in ductile nature 

and toughness of PVA. Similar behaviour is reported for poly(methyl 

methacrylate)/POSS system.25 On the other hand, in the Figure 3.10 (b)  

POTP3 system exhibited reduction in fracture strain from 327 to 280% due to 

the dominating rigid core effect of POSS over anionic Octa-TMA functional 

side group. The elongation at break of POTP system decreases with increase 

in Octa-TMA-POSS loading, which indicate that the system becomes more 

brittle when compared with pure PVA. 

The introduction of oligomeric PEG functionalised POSS on PVA reduces 

the tensile strength of PVA membrane from 35±4 to 33±3 MPa  at 3wt % 

PEG-POSS and is presented in Table 3.2. This can be attributed in terms of 

the flexible nature of PEG functional groups in PEG-POSS, which dominates 

over rigid core effect of POSS; moreover, PEG has plasticizing effect on 

PVA matrix. However, the tensile strength of POTP3 nanocomposite 

membrane increases significantly from 35±4 to 41±2 MPa as compared to 

neat PVA due to the strong interfacial interaction between PVA and Octa-

TMA-POSS, which promotes the homogeneous dispersion of POSS in PVA 

matrix. Nanostructured POSS particles act as stress transferring agents in the 

PVA matrix and as a result the stress experienced by the matrix is 

comparatively less. Scheme 3.3 shows the interfacial interaction between 

PVA and POSS.  PVA chains are absorbed on the POSS surface by good 

attractive interaction between organic side group on POSS and hydroxyl 

group of PVA, which results in the enhancement of contact surface area 

between polymer chains and the rigid filler surface.  
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Another interesting observation is the remarkable enhancement in Young’s 

modulus of PVA even at low weight percentage of POSS. This can be 

attributed to the presence of rigid three-dimensional inorganic core of POSS, 

which is made up of high bond energy possessing Si_O linkage (451 kJ/mol). 

At higher loading of POSS, there is a reduction in the mechanical properties 

of PVA/POSS system due to the clustering behaviour of these amphiphilic 

POSS. 

The filler–matrix interaction can be evaluated from the fracture surface 

morphologies. For weakly bonded particles, there exist a separation between 

particles and the matrix. However, in the case of strongly bonded systems, 

particles are held tightly by the matrix and are acting as stress transferring 

agents during deformation. The fracture toughness of a polymeric matrix can 

be affected by the filler size, shape, volume fraction and filler-matrix 

adhesion strength. 
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Figure 3.10: Stress-strain graphs of PVA/PEG-POSS (a) and PVA/Octa-

TMA-POSS (b) 

Table 3. 2: Tensile Properties of PVA and PVA/POSS systems 

Sample 

Tensile 

Strength 

(MPa) 

Elongation 

@Break 

(%) 

Young's 

Modulus 

(MPa) 

P0 35±4 327±6.2 198±5.8 

PPP1 34±4 354±7.1 486±6.2 

PPP3 

PPP5 

33±2 

30±2 

536±7.2 

393±6.5 

472±6.1 

442±5.1 

POTP1 43±1 192±7.7 637±5.3 

POTP3 41±2 280±6.1 491±5.6 

POTP5 40±4 320±6.5 343±4.9 
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Scheme 3.3: Interfacial interaction between PVA and POSS 

Theoretical modeling of tensile properties of PVA/POSS systems 

Several theoretical predictions have been developed to relate the influence of 

different parameters of filler on the deformation performance of polymer 

composites. The physical property of the polymer composites depends on 

various factors of filler such as particle geometry, size, surface area, and 

dispersion within the matrix. Therefore, the filler property has to be 

considered during the theoretical calculation of properties of composites. The 

ultimate properties of composites vary significantly with the nature of filler. 

In the present work, three composite theories are exercised to evaluate the 

Young’s modulus of PVA and PVA/POSS systems. The effect of volume 

fraction of filler, particle morphology, and packing fraction on the properties 

of PVA-POSS systems have been evaluated theoretically and compared with 

the experimental findings. 
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Guth model is extensively applied to compare the modulus of polymer 

composites and is given by,26 

 21.141   Emc KEE                                  (3.2) 

where KE is the Einstein coefficient or intrinsic viscosity its value is 1.0 for 

dispersed spheres with slippage at the interface. If no interface slippage 

occurs, KE turns to 2.50. Ec is the modulus of composite, Em is the modulus of 

pure PVA matrix, and   is the volume fraction of filler. 

Kerner equation has been applied for composites with spherical fillers. The 

greatly simplified form of Kerner equation is applied in composite systems if 

the filler is extremely rigid than pure polymer matrix.27 The equation is, 
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v is an another elastic constant called Poisson’s ratio and its value is in 

between 0.35 and 0.50 for most polymers. For PVA, Poisson’s ratio is 

between 0.42 and 0.48. 

Frankle-Acrivos model  considered the maximum packing fraction of the 

filler ( max ). max changes with particle shape and state of agglomeration.28 

max =0.632 for nonagglomerated random close packed particles. The model 

can be expressed as follows, 
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The experimental data of composites are evaluated with different theoretical 

models and are shown in Figure 3.11. It is observed that theoretically 

predicted values are lower than the experimental values  due to the presence 

of rigid siloxane core of the POSS. 
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Figure 3.11: Theoretical comparison of modulus as a function of volume 
fraction of POSS. 

Tensile strengths of spherical POSS embedded PVA systems have been 

estimated using the well-known Nicolais-Narkis model.29-30 The equation is 

given by, 

     









 3

2

1  kmc                                                (3.5) 

where m  symbolises tensile strength of material and k is a stress 

concentration factor. When the k value is less than 1.21, strong adhesion 

occurs between spherical particle and the polymer matrix. Hence, the filler 

reduces the stress concentration effect and deformation behaviour of the 

polymer matrix. In Figure 3.12, the experimental records for tensile strength 

of pure PVA and the PVA/POSS system are compared with Nicolais–Narkis 

model using a least square method to establish the suitable k values. 31-32 The 
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k values for PEG-POSS and Octa-TMA-POSS added PVA are established to 

be 1.11 and 0.39, respectively, indicating that Octa-TMA-POSS exhibits 

good adhesion with PVA but PEG-POSS shows weaker adhesion to the 

matrix. It is mainly due to the plasticizing action of oligomeric PEG on PVA 

matrix that reduces the strength of PVA matrix.  
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Figure 3.12: Theoretical comparison of tensile strength as a function of 
volume fraction of POSS. 

 

3.2.2.2 Dynamic mechanical analysis 

Polymers are viscoelastic materials and exhibit both solid and liquid 

characteristics in its mechanical behaviour as a function of temperature. 

DMA is used to characterise the viscoelastic behaviour of polymers. It 

provides information about the glass transition temperature, relaxation 

modulus, damping behaviour, molecular orientation and morphology of 

polymer systems.33 The effect of cage structured POSS on the viscoelastic 

properties of the PVA has been analyzed with respect to the weight 

percentages of POSS. The interaction of the macromolecular chain of the 

PVA and spherical POSS results in significant variation in modulus and 

damping behaviour. The dynamic storage modulus (E') as a function of 

temperature plots of PVA as well as PVA/POSS systems are presented in 
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Figure 3.13. Transitions corresponding to  and  characteristics of PVA 

matrix can be observed in the storage modulus curves. It is interesting to note 

that in the glassy region, at lower weight percentage of POSS, PVA shows 

increase in storage modulus. This enhancement in the modulus or rigidity of 

PVA by the addition of POSS can be interpreted in terms of the efficient 

nanoreinforcement contribution of rigid silicon-oxygen-based POSS core 

matrix. It means that the incorporation of cage-structured silsesquioxane core 

into the PVA matrix restricts the segmental mobility of the polymer chain. 

Comparing the two types of functionalised POSS, POTP system exhibits 

slightly higher storage modulus than PPP system. In the glassy region, 

PVA/POSS systems exhibit highest storage modulus than neat PVA due to 

the strong interfacial interaction between PVA and POSS. In the rubbery 

region, PVA shows more storage modulus owing to its crystalline nature, and 

it resists the intermolecular slippage. In rubbery state, PVA chains initiate the 

thermal motion resulting in the  detachment of PVA/POSS network. 

Consequently, the POSS molecule offers steric hindrance and decrement in 

storage modulus in the rubbery region. 
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Figure 3.13 (a-b): Storage modulus versus temperature curve of PVA and 
PVA/POSS systems 

DMA can be used to analyse the mobility of polymer chains at glass 

transition regions. The mechanical loss factor tanδ, mathematically expressed 

as the ratio of loss modulus to the storage modulus, is very sensitive to the 

structural changes of the material. Tanδ versus temperature spectra for PEG-

POSS and Octa-TMA-POSS filled PVA systems at the frequency of 1 Hz are 
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shown in Figure 3.14(a-b). The temperature at which maximum tan δ 

observed corresponds to the glass transition temperature (Tg) of the matrix. 

The -peak (major transition) corresponds to the Tg of PVA (Table 3.3). The 

formation of H-bond between PEG side group of POSS and PVA restricts the 

segmental mobility of PVA chain, consequently, Tg of PEG-POSS system 

increases at lower concentration of POSS. The decrement in Tg’s and 

broadening of peak at higher concentration of PEG-POSS could be attributed 

in terms of the more pronounced plasticization effect of higher percentage of 

low-molecular weight side groups. The depression in Tg at lower loading of 

Octa-TMA-POSS implies lower stability of Octa-TMA functional organic 

side groups of the POSS. The increment in Tg at higher loading of the Octa-

TMA-POSS could be explained in terms of good interfacial interaction 

between PVA and Octa-TMA-POSS and thereby reduction in the mobility of 

polymer chain. 
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Figure 3.14 (a-b): Tanδ versus temperature curve of PVA and PVA/POSS 
systems 

Table 3.3: Glass transition temperature of  PVA/POSS systems 

Samples P0 PPP1 PPP3 PPP5 POTP1 POTP3 POTP5 

Tg(
oC) 82±4 90±3 80±3 51±5 73±3 79±4 86±3 

 

Damping behaviour of polymeric systems is highly sensitive to all types of 

molecular motions, transitions, relaxation process, structural and the 

morphological changes. Damping or absorption performance of material is 

crucial to design material structure and to determine life span and safety of a 

structure.34 Polymers at the glass transition region have a high possibility for 

vibration damping since the macromolecular chains of polymers achieve 

mobility and this dissipates a large amount of energy through viscous 

movement. High damping materials possess high rate of energy dissipation. 

Figure 3.15 presents the tanδmax versus weight percentage of POSS for 

PVA/POSS systems. The tanδmax value of PVA is shifted to higher value 
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upon the incorporation of POSS. In the case of PPP system, tanδmax increases 

with weight percentage of POSS up to 3 wt% and after that tanδmax decreases. 

The reason behind this observation is the presence of low-molecular-weight 

PEG side groups on the POSS, which decreases the internal friction of the 

composites through polymer-filler and filler-filler interaction.35 POTP system 

exhibits good damping property at higher Octa-TMA-POSS loading due to 

the increase in the available surface area per unit volume of the POSS 

resulting in higher internal friction between polymer-filler and filler-filler 

networks. This will increase the rate of dissipation of energy and the damping 

property. The interaction between polymer and filler could be find out by 

calculating the percentage reduction in tan δmax using the following  

equation36,  

                                                                                                          (3.6) 

 

 

The values are tabulatd in Table 3.4. The percentage of reduction is found to 

be  higher for PVA/PEG-POSS system at lower weight percentage of POSS 

owing to the  better interaction between filler and polymer. PVA/Octa-TMA-

POSS membrane shows gradual increase in tan δmax as a function of the 

weight percentage of filler due to the presence of more polar functional 

groups in the POSS molecule. 
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Figure 3.15: Effect of weight percentage of POSS on the tanδmax values of 
PVA/POSS systems 

 

Table 3.4: Percentage reduction in tan δmax of PVA/POSS systems 

Sample % Reduction 

PPP1 

PPP3 

PPP5 

POTP1 

POTP3 

POTP5 

30 

40 

24 

10 

20 

33 
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3.3 Conclusions 

PVA-POSS hybrid membranes using two kinds of POSS, namely Octa-TMA-

POSS and PEG-POSS, were prepared successfully by solution casting 

method. FTIR revealed the hydrogen bonding interaction between PVA and 

PEG-POSS. Distribution of filler particles in the matrix were analysed from 

SEM and TEM. The hydrophilic POSS introduced PVA membrane had 

excellent hydrophilicity and was confirmed from contact angle studies. 

Surface roughness of the sytems were analysed from AFM images and was 

found to be higher for PPP system. Crystalline structure of the systems were 

estimated from the XRD pattern, due to ion-dipole interaction POTP system 

showed  excellent crystalline nature when compared to neat PVA. PEG-

POSS incorporated PVA system exhibited good ductility and toughness due 

to the presence of eight flexible PEG tails on the siloxane core of POSS. 

However, Octa-TMA-POSS incorporated PVA system showed excellent 

tensile strength and modulus due to the presence of dominant rigid three-

dimensional inorganic core in the POSS. The viscoelastic property of POTP 

system at higher concentration of Octa-TMA-POSS was significant, which 

exhibited higher storage modulus and glass transition temperature. This can 

be explained in terms of the good interfacial interaction between PVA and 

Octa-TMA-POSS, and the presence of rigid inorganic silsesquioxane core in 

the PVA matrix. The damping behaviour of PVA membrane increased in the 

presence of POSS particles. PEG-POSS suppressed the crystallinity of PVA 

due to the plasticizing nature of low-molecular-weight PEG group, while 

Octa-TMA-POSS enhanced the PVA crystallinity.  
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Chapter 4 

Pervaporation Separation of Azeotropic 
Mixture of Tetrahydrofuran-Water System 

Using PVA/POSS membrane 

 

Summary 

Chapter 4 deals with the pervaporation separation of azeotropic mixture of 
tetrahydrofuran (THF)-water system using PVA/POSS membrane. The 
membranes exhibited excellent water selectivity and permeance due to the 
preferential interaction of membrane towards water molecule in the 
azeotropic THF-water mixture. In the presence of PEG-POSS and Octa-
TMA-POSS, PVA membrane exhibited a significant increase in selectivity. 
Swelling study and density measurements also supported the pervaporation 
performance of the membranes. Modified Maxwell-Stefan equation was used 
for the computation of theoretical flux and was compared with the 
experimental values. 
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4.1 Introduction 

Tetrahydrofuran (THF) is an extensively used highly volatile polar aprotic 

solvent. It is widely employed in chemical industry for the manufacture of 

pharmaceutical products, as reagent for drug synthesis, adhesives, paints and 

inks. Moreover, highly pure THF is required for the production of various 

polymers like poly (tetramethylene oxide) and its copolymers.1 THF and 

water can easily form azeotrope at 94.7% of THF in mole fraction. It is 

difficult to obtain commercially important highly pure (99.9 mol%) THF 

from THF-water azeotropic mixture by conventional separation methods like 

distillation, liquid-liquid extraction and absorption. In industry, columns 

filled with molecular sieves are used to remove water from THF.2 The 

distillation process creates many environmental, economical and technical 

challenges as well as a risk of explosion due to the reaction of THF with 

atmospheric oxygen.3 The complex separation problem of the azeotrope can 

be solved by polymer membrane based pervaporation (PV) technology. It is 

an efficient, ecofriendly and easily performed separation method as compared 

to conventional separation process. The success of a pervaporation process 

depends on the morphology of membrane and its properties. Membranes with 

good selectivity and high permeability are desirable for the better separation 

of solvent mixtures.4-5 Recently, silica-polymer hybrid membranes are found 

to be useful in drug release and separation of azeotropic liquid mixture due to 

its unique transport properties, which are not present in the individual 

components.6-8
 

Poly(vinyl alcohol) (PVA) is a water soluble, semicrystalline glassy polymer. 

PVA is used for the manufacture of membranes for separation process, 

artificial biomedical devices and drug delivery systems due to its good film 
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forming nature, chemical stability, hydrophilicity, biocompatibility and 

biodegradability. PVA membranes have the problem of swelling in certain 

solvents that leads to its reduced chemical, mechanical and separation 

properties. PVA modified with inorganic nanofillers are found to exhibit 

enhanced mechanical, thermal and separation properties even in the presence 

of aqueous solution. The hybrid systems exhibit some unique properties 

which are not present in individual components.9-14 Nevertheless, there are 

still some other major drawbacks such as poor dispersion and incompatibility 

of fillers in the polymer matrix as well as weak interaction between inorganic 

fillers and polymers resulting in a trade-off between permeability and 

selectivity. 

 Polyhedral oligomeric silsesquioxane (POSS) is a potential three-

dimensional nanofiller with unique inorganic/organic hybrid chemistry. 

Mostly studied POSS have cubic or cage shaped Si8O12 core with a variety of 

eight substituent organic groups at the apex of silicon atom. The appropriate 

organically functionalised POSS can be easily incorporated into the polymer 

matrix at the molecular level.15-18 The aim of the present study is to 

investigate the effect of varying amount of different organically 

functionalised POSS on the pervaporation performance of PVA membrane 

for the separation of THF-water azeotropic mixture. Le et al. developed 

Pebax/POSS mixed matrix membranes and they studied the ethanol 

dehydration performance of the membrane through pervaporation method. 

The presence of POSS in pebax improved the pervaporation performance of 

the membrane by the enhancement of both the separation factor and total 

flux.19 Recently, Sairam et al. obtained a remarkable improvement in water 

selectivity during the pervaporation dehydration of tetrahydrofuran using 

poly(vinyl alcohol)-iron oxide nanocomposite membranes.20 In the present 
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work, we demonstrated the successful fabrication of new class of PVA-POSS 

hybrid nanocomposite membranes by solution casting method. Two kinds of 

amphiphilic POSS namely anionic-octa(tetramethylammonium)-polyhedral 

oligomeric silsesquioxane (Octa-TMA-POSS) and polyethylene glycol-

polyhedral oligomeric silsesquioxane (PEG-POSS) were employed for the 

preparation of membranes. As compared to reported system20, the present 

PVA/POSS system exhibited approximately four times higher water 

selectivity during the separation of azeotropic THF- water mixture. 

4.2 Results and discussion  

4.2.1 Effect of POSS on pervaporation performance of PVA membrane 

The fabrication of membranes with high permeability and selectivity is a 

challenging problem for material scientists. In pervaporation process, 

permeation of solvent molecules across the polymer membrane occurs 

according to solution diffusion mechanism. The process carried out under 

reduced pressure consists of three steps: (1) dissolution of feed solvent 

mixture into the membrane (2) diffusion of permeate on upper and 

downstream side of the membrane and (3) desorption of permeate vapour. 

Permeability of the liquid molecule is the product of its solubility and 

diffusivity. The size of solvent molecule, affinity of membrane towards 

solvent molecule and mobility of polymer chain are the major factors that 

determine the penetrant diffusivity. A significant pervaporation performance 

such as high permeability and selectivity are observed in PVA/POSS 

membranes. A schematic representation for the pervaporation separation of 

azeotropic composition of THF-water system through the PVA/POSS 

membrane is presented in Scheme 4.1.  



Chapter 4          Pervaporation Separation of Azeotropic Mixture of Tetrahydrofuran - Water 
System Using PVA/POSS membrane 

 

 

 165 

 

Scheme 4.1: Schematic illustration of the pervaporation separation of   THF-
water azeotropic mixture through PVA-POSS  membrane. 

The effect of POSS loading on the separation of THF-water azeotropic 

mixture through PVA membrane are evaluated from the permeation flux, 

separation factor and component flux. From Figure 4.1 and Table 4.1, it is 

observed that the highest flux as well as permeance for PPP and POTP 

membranes are achieved at 3wt% of POSS. Compared with pure PVA 

membranes, PEG-POSS and Octa-TMA-POSS incorporated PVA 

membranes display 7.5 and 2.7 fold increase in permeance respectively. PVA 

membranes containing 3wt% of PEG-POSS exhibited maximum permeance 

when compared to other PVA/POSS membranes. This can be attributed to the 

functionalisation of cage structured silsesquioxane with low molecular weight 

poly(ethylene glycol) soft segment, which enhances the flexibility of the 

membrane and the diffusion of solvent molecules. DSC results reported in 

chapter 3 also supported the flexibility of PPP system. As shown in Figure 

4.2 and Table 4.1 the maximum separation factor and selectivity towards 

water molecule are found to be maximum at 1 and 3 wt% of POSS for PPP 
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and POTP respectively. In comparison with pristine PVA membrane, the 

addition of PEG-POSS and Octa-TMA-POSS shows remarkable increase in 

selectivity. The experimentally observed result supported the high water 

selectivity of POTP membrane due to the preferential interaction of 

membrane towards water molecule. Anionic Octa-TMA-POSS has 

electrostatic (ion-dipole) interaction with water and PVA along with 

hydrogen bond formation between PVA and water molecule. The preferential 

interaction between water- Octa-TMA-POSS nanoparticles and improved 

crystallinity of POTP membrane leads to high selectivity of the membrane 

towards water over pristine PVA and PPP membranes. However, at higher 

concentration of Octa-TMA-POSS the interstitial space between polymer 

chains are occupied by the bulk POSS molecules and thereby the crystallinity 

as well as selectivity of the membrane decreases.21-22 The remarkable 

separation performance of PVA/POSS membranes can be attributed to the 

good interaction of the membrane with water molecules, which promotes 

preferential transportation of water from THF-water azeotropic feed. At 

lower weight percentage of POSS, microcavities are formed at the particle-

polymer interface to facilitate the solvent transport. Water molecule transport 

occurs easily when compared to THF molecule due to the lower molecular 

size of water than THF.18 Although the dipole moment of THF and water are 

closer, the permittivity of THF are found to be lower due to the weaker THF-

water interaction than water-water interaction.  
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Figure 4.1: Effect of different weight percentage of POSS on permeation flux 

of PVA/POSS   system for the separation of azeotropic 
composition of THF-water mixture 

 

Figure 4.2: Effect of different weight percentage of POSS on separation 
factor of PVA/POSS system for the separation of azeotropic 
composition of THF-water mixture 
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Table 4.1: Variation of enrichment factor, pervaporation separation   index,   
selectivity and permeance of PVA membrane with different 
weight percentage of POSS 

Sample 

 

Enrichment 
factor 

(β) 

Pervaporation 
separation 
index (PSI) 

Selectivity  Permeance 
(gpu) 

P0 

PPP1 

PPP3 

PPP5 

POTP1 

POTP3 

POTP5 

9.43 

18.30 

14.52 

14.15 

15.66 

18.49 

11.88 

0.27 

57.60 

7.45 

4.01 

8.51 

41.07 

1.00 

15 

917 

81 

73 

119 

1246 

41 

629 

3647 

4701 

2838 

1488 

1714 

1294 

 

Separation efficiency parameter of a membrane is most generally expressed 

in a term known as enrichment factor ( ), which is the ratio of weight 

fraction of water in permeate to the feed side and the values are presented in 

Table 4.1. Separation efficiency is found to be higher for PPP1 and POTP3 

systems. Pervaporation separation index (PSI) includes both flux and 

separation factor variables and hence a single factor can assess the 

performance of the membrane. It is observed that PPP1 and POTP3 systems 

show better pervaporation performance when compared to pristine PVA and 

other PVA/POSS systems due to good compatibility of PEG-POSS and Octa-

TMA-POSS in PVA matrix at lower concentration. The component flux for 

THF and water is found to be almost equal for neat PVA, which is shown in 

Figure 4.3 (a-b). It is interesting to note that the incorporation of hydrophilic 

POSS enhances the water selectivity of the membrane. The total flux and flux 

values of water are found to be almost equal in PVA, while the THF flux is 
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dramatically reduced in PVA/POSS due to its large size, which restrict the 

diffusion through the membrane.   

 

 
Figure 4.3 (a-b): Effect of different weight percentages of (a) PEG-  POSS 

and (b) Octa-TMA-POSS on component flux. 

Degree of swelling (DS) and diffusion coffecient of the membranes are 

presented in Table 4.2. The PVA-POSS membranes show higher DS and 

diffusion coefficient for water (Dwater) compared with the pristine PVA 
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membrane because of the high affinity of PVA/POSS system towards water 

molecule as compared with PVA. These observations also supported the 

pervaporation performance of PVA/POSS membranes during the separation 

of THF-water azeotropic mixture.  

Table 4.2: Degree of swelling and diffusion parameters of azeotropic  
composition of THF-water mixture  in PVA/POSS membrane 

Membrane 
Degree of 
swelling 

(%) 
Dwater x105(cm2/s) DTHF x105(cm2/s) 

P0 20 6.00 5.88 

PPP1 26 18.89 4.55 

PPP3 29 19.63 9.00 

PPP5 26             11.19              2.55 

POTP1 23 9.12 3.00 

POTP3 24 8.12 4.82 

POTP5         21 6.11 5.23 

 

4.2.2 Application of modified Maxwell-Stefan equation for pervaporation 
separation of THF-water azeotropic mixture  

An appropriate transport model can predict the success of a membrane to be 

used in pervaporation process. This help to fabricate excellent membranes 

and scale up the pervaporation separation of liquid mixtures. The transport of 

multicomponents in a feed through a membrane during pervaporation (PV) 

has been modeled by Maxwell-Stefan in support of solution diffusion model. 

Mason and Viehland further modified this model based on the principles of 

statistical mechanics and the classical mechanical Liouville equation. The 

modified Maxwell-Stefan equation takes into account the relationship 

between chemical potential driving force and friction resistance in multi-

component mixture. This equation can be written as follows  
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where i and 
dz

d i are the chemical potential and chemical potential gradient 

of component i respectively. jx are the mole fraction of j components where j 

= 0, 1, 2, …, n. v  are the  local velocities of the components and 
0
jiD

RT
 

correspond to frictional coefficient, which represents the frictional effect 

exerted by component j on component i. 

The modified Maxwell-Stefan model described the flux equations for the 

three component system, ie., a binary mixture and membrane in 

pervaporation process. It is expressed in equations (4.2) and (4.3). 23-24 
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where 2/)( '''

iPiFi www  ,  '
iw ''

iPiF ww  , '
iFw and '

iPw  represents the 

weight fraction of component i in the feed and in the permeate respectively, 
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M  denotes the thickness of the membrane, M is the average density of the 

swollen polymer membrane, DiM is diffusion coefficient of pure components 

ie, THF and water in the active layer of the membrane and iMD is the 

average diffusion coefficient. 12D  lies between diffusion coefficient (D1 and 

D2) of pure components, which can be adjusted to the experimental partial 

fluxes. 

iMD and M  are defined as: 
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The above theoretical modeling is applied to PVA and PVA-POSS 

nanocomposite membrane for the pervaporation separation of THF-water 

azeotropic mixture. In Figure 4.4 (a-b), experimentally achieved total 

permeate flux is compared with that obtained by applying the modified 

Maxwell-Stefan model. It is interesting to note that, at lower loading of 

POSS, theoretical flux is higher than experimental flux while at higher weight 

percentage of POSS the experimental value is in good agreement with 

theoretical flux owing to the interaction between the functionalised POSS and 

solvent molecules.  



Chapter 4          Pervaporation Separation of Azeotropic Mixture of Tetrahydrofuran - Water 
System Using PVA/POSS membrane 

 

 

 173 

 

 
Figure 4.4 (a-b): Experimental and theoretical flux vs. weight  percentage 

of (a) PEG-POSS and (b) Octa-TMA-POSS 
4.3 Conclusions 

       We report an effective, ecofriendly and easy method for the separation of 

THF-water azeotropic mixture through membrane pervaporation technology. 

The amphiphilic POSS incorporated PVA membranes exhibited excellent 

pervaporation performance for the separation of THF-water azeotropic 
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mixture. The hydrophilic POSS introduced PVA membrane had exhibited 

excellent water selectivity and permeance due to the preferential interaction 

of membrane towards water molecule in the azeotropic THF-water mixture. 

Swelling study and density measurements also supported the pervaporation 

performance of the membranes. As compared with pure PVA, PEG-POSS 

and Octa-TMA-POSS introduced PVA showed 61 and 83 fold increase in 

selectivity as well as 7.5 and 2.7 fold increase in permeance respectively. 

From the results, it is revealed that PEG-POSS and Octa-TMA-POSS were 

found to be suitable nanostructured material to improve the permeability and 

selectivity of PVA membrane. Using modified Maxwell-Stefan equation, 

theoretical permeation flux values of composites were estimated and 

compared with experimental values. Better agreement between experimental 

and theoretical values at higher weight percentage of POSS was observed, 

suggesting good interaction between POSS and solvent molecules. 
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Chapter 5 

Characterisation, Mechanical and 
Pervaporation Performance of Chemically 

Modified PVA/POSS Membranes 

_________________________________________________________ 

 

Summary 

Permselective polymeric membranes are important materials for the efficient 
separation of organic solvents and azeotropic mixtures. In this work, we 
address an effective strategy to the fabrication of novel high performance 
membranes of crosslinked poly(vinyl alcohol) (PVA) by incorporating 
chemically modified cage structured polyhedral oligomeric silsesquioxane (m-
POSS) through solution casting method. The fabricated PVA/m-POSS 
system shows excellent mechanical stability as well as good pervaporation 
performance for the separation of isopropanol (IPA)-water azeotropic 
mixture. Moreover, the membranes exhibited excellent water selectivity, 
hydrophilicity and excellent anti-fouling properties compared to traditional 
hydrophilic membranes. The excellent mechanical properties and other 
comprehensive properties reveal the potential of the PVA/m-POSS system for 
the effective separation of azeotropic IPA-water mixture. Modified Maxwell-
Stefan model applied for 
the theoretical estimation 
of permeation flux and it 
was in good agreement 
with the experimental 
findings. 
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5.1 Introduction 
 
The liquid-liquid mixture separation is considered to be one of the major 

challenges in chemical and pharmaceutical industries. Conventional 

separation methods like distillation is an energy-exhausting process, it 

produces many environmental, economical, technical issues and is ineffective 

to separate azeotropic mixtures. Currently, polymer membrane-based 

pervaporation (PV) technology is extensively used instead of the distillation 

process for the efficient separation of organic-water mixtures, organic-

organic mixtures, purification of water by removing dilute organic species 

and separation of azeotropic mixtures.1 Solution-diffusion model can be 

employed to demonstrate the liquid mixture separation based on PV 

technique across the nonporous dense polymeric membranes.2 PV 

dehydration process of solvents utilizes relatively high water soluble and 

diffusible hydrophilic polymer membranes for effective outcomes. Generally, 

the membrane material would exhibit trade-off effect between permeability 

and selectivity during separation. There are many regulation methods to be 

adopted for membranes such as nanomaterial doping, blending, surface 

modifications etc. to improve PV performance by achieving high flux 

coupled with selectivity for desired permeate.3-6 

The intrinsic PV performance of polymeric membranes vary significantly 

depending on the degree of hydrolysis, molecular weight of polymers, 

crosslinking degree, nature of crosslinks and membrane structure. Surface 

wettability of a polymer membrane has profound effect on solution-diffusion 

based pervaporation process. The wettability of membrane increases the 

water molecule dissolution on membrane surface and diffusion across the 

membranes during solvent dehydration process.7 Poly(vinyl alcohol) (PVA) is 

widely utilized in the separation process due to its hydrophilicity, abundant 

availability, nontoxicity and barrier properties. However, its hydrophilic 
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nature reduces the mechanical stability of the membrane, which deteriorates 

the selectivity of these polymer membranes during PV process. Hence the 

hydrophilic polymers are not suitable for dehydration applications of high 

water containing solutions. It can be rectified by the modification of PVA 

through blending, crosslinking or grafting. Kursun and Isıklan developed 

poly(vinyl alcohol)-g-poly(N-isopropylacrylamide) membrane for the 

pervaporation separation of azeotropic composition of isopropyl 

alcohol/water mixtures.8 The addition of nanofillers to the polymers enhance 

the thermal and mechanical stability as well as permeance and selectivity of 

the membranes.9-13 However, several limitations exists in the membrane 

systems such as poor homogeneous dispersion and incompatibility of fillers 

in the polymer matrix as well as weak interaction between the filler and 

polymer resulting in a poor PV performance. 

In the present study, we explored the introduction of modified polyhedral 

oligomeric silsesquioxane (m-POSS) moiety into the crosslinked poly(vinyl 

alcohol) architecture by solution casting method. The effect of m-POSS on 

the PV performance and mechanical property of crosslinked PVA were 

analysed. The possibility of fine-tuning of the functional groups of POSS not 

only brings the diversity but also provide good compatibility with the 

polymer matrix. The improved performance of polymer-POSS systems can 

be mainly attributed to the presence of strong siloxane core as well as the 

functional groups attached to it.14-18 
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5.2 Results and discussion  

5.2.1 Characterisation 

FT-IR spectra of Octa-TMA-POSS, CTAB and CTAB modified Octa-TMA-

POSS (m-POSS) are shown in Figure 5.1. The replacement of (CH3)4N
+ 

groups by (C16H33) N
+(CH3)3

 by ion-exchange reaction is confirmed from the 

FTIR spectra.  For Octa-TMA-POSS, the peaks at 1012, 1404, 1652 and 2917 

cm-1 denotes the characteristic Si_O, CH3N, CH3NO and C_H stretching 

vibrations respectively. CTAB shows two intense bands at 2917and 2849cm-1 

corresponding to the asymmetric and symmetric stretching vibrations of C-

CH2 in the methylene chains of cetyltrimethylammonium. The strong peak at 

1431 and 1472 cm-1 is attributed to the deformation of -CH3 and -CH2 groups. 

The weak peak at 3016 cm-1 in CTAB is characteristic of C_CH3 asymmetric 

stretching and N_CH3 symmetric stretching vibrations of 

cetyltrimethylammonium. All the characteristic peaks of 

cetyltrimethylammonium group are clearly observed in m-POSS, which 

suggest the replacement of (CH3)4N
+ groups by (C16H33) N

+(CH3)3
 by ion-

exchange reaction. The peak at 1022 cm-1 denotes the characteristic Si-O-Si 

stretching vibration, which indicates the occurrence of silsesquioxane core in 

m-POSS.19 

The successful attachment of cetyltrimethylammonium group on 

silsesquioxane cage is further confirmed by 1H NMR spectra presented in 

Figure 5.2. Proton signal observed at 0.88, 1.25, 1.70 and 3.30 ppm are 

corresponding to groups in the m-POSS as marked in the structure given in 

nmr spectra.19 
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Figure 5.1: FT-IR spectra of (1) Octa-TMA-POSS, (2) CTAB and (3) 
CTAB modified Octa-TMA-POSS (m-POSS) 

 

 

Figure 5.2: 1H NMR spectra for m-POSS  
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5.2.2 Morphology  

SEM and AFM analysis have been carried out to study the effect of m-POSS 

particles on the morphological features of crosslinked PVA. The main 

challenge in the fabrication of nanostructured materials incorporated polymer 

membrane is the homogeneous dispersion of nanosized material into the 

polymer matrix. Figure 5.3 shows SEM image of crosslinked PVA (coded as 

PG) and PVA/m-POSS membranes. Spherical structured POSS particles can 

be seen in the surface of polymer matrix. This shows a homogeneous 

dispersion of m-POSS in the PVA matrix without forming any aggregation. 

While at higher loading, slight aggregations of m-POSS particles are 

observed in the PVA matrix owing to its tendency to reduce its surface area 

and surface activity by forming POSS-POSS network.  

Figure 5.4 is the phase and height AFM images of crosslinked PVA and 

PVA/m-POSS. Here morphology of 3wt% m-POSS introduced PVA 

membranes are compared with the PVA. The roughness parameter Ra and Rq 

represents the average and root mean square deviation of height respectively. 

Rq value for PVA is 6.9 whereas POCPG3 membrane exhibit higher 

roughness value. The increased surface roughness can be attributed to the 

surface reorganization of PVA chains by the incorporation of m-POSS. 

Increase in surface roughness leads to increase in sorption sites in the 

membrane which is further corroborated in the pervaporation studies. 
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Figure 5.3: SEM images of cryofractured cross section of (a) PG  
(b) POCPG1 (c) POCPG3 

 
 

 

(a) (b) 

(c) 
POSS domains 

POSS domains 

(a-b)PG 
Ra (nm) = 4.8 
Rq (nm) = 6.9 

(a) (b) 
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Figure 5.4: Phase (left picture) and height (right picture) AFM images of (a-
b) PG (c-d) POCPG3 

5.2.3 Water uptake and contact angle studies 

Water uptake capacity of a polymer membrane has a profound effect on its 

both mechanical and pervaporation performances. The driving force for the 

water uptake of PVA is its hydrophilicity. The effect of introduction of 

modified POSS on the water uptake capacity of PVA membranes has been 

examined. It is found that the functional groups on the POSS has significant 

effect on the water absorption capacity of the membrane. 

The water uptake capacity of the membranes are calculated using the 

equation (2.12) given in the chapter 2 and is depicted in Figure 5.5. All 

membranes show rapid initial water uptake followed by levelling off to an 

equilibrium value. It is interesting to observe that water uptake of PVA/m-

POSS system is higher than that of PVA due to the presence of electrostatic 

interaction between anionic amphiphilic POSS and water. 

(c-d)POCPG3 
Ra (nm) = 7.2 
Rq (nm) = 10.12 

(c) (d) 
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Figure 5.5: Water uptake of crossli
as a function of time 

The wetting phenomenon is governed by geometrical structure as well as 

surface chemistry of the material, which is characteri

measurements. The water droplet on a hydrophilic films exhibit very fast 

spreading or absorption on the surface and exhibit water contact angle (CA) 

less than 90o, which is found to be an extensive practical application in 

industries, medicine, agriculture and daily life. The wetting characteristics 

such as work of adhesion, work of spreading and energy of hydrati

hydrophilic surface is 73, 0 and 146 mJm

5.6 the PVA membrane exhibits a contact angle of 80

angle value of 1wt% m-POSS doped PVA system is 46

reduced upon increasing the weight fraction of POSS. The reason behind the 

increased wettability of PVA by the introduction of m

electrostatic (ion-dipole) interaction between high density hydroxyl group at 

the surface of the PVA with POSS as well as good affinity of POSS molecule 

with water. The newly introduced cetyltrimethylammonium side group on the 

POSS provides improved wetting characteristic for
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Water uptake of crosslinked PVA and PVA/m-POSS systems 

The wetting phenomenon is governed by geometrical structure as well as 

surface chemistry of the material, which is characterised by contact angle 

The water droplet on a hydrophilic films exhibit very fast 

e and exhibit water contact angle (CA) 

, which is found to be an extensive practical application in 

industries, medicine, agriculture and daily life. The wetting characteristics 

such as work of adhesion, work of spreading and energy of hydration for a 

146 mJm-2 respectively. As shown in Figure 

a contact angle of 80o. However, the contact 

POSS doped PVA system is 46o and   is further 

reduced upon increasing the weight fraction of POSS. The reason behind the 

f PVA by the introduction of m-POSS is the good 

dipole) interaction between high density hydroxyl group at 

VA with POSS as well as good affinity of POSS molecule 

with water. The newly introduced cetyltrimethylammonium side group on the 

POSS provides improved wetting characteristic for PVA membrane due to its 
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amphiphilic nature capable of interacting with water.

well agreementwith AFM characterisation. Generally, wettable material

rough surface have lower water contact angle.

  

Figure 5.6: Water contact angle images on the surface of 
and PVA/m-POSS membranes

5.2.4 Differential scanning calorimetry (DSC)

Figure 5.7 presents the DSC curves of the 

recorded during heating and cooling cycle. A significant impro

melting and crystallisation parameters of 

introduction of m-POSS (1wt %). From the heating curve, the glass transition 

temperature (Tg) of crosslinked PVA is found to be 79

81oC by embedding 1wt % of m-POSS molecule as presented in 

This result demonstrates the restricted mobility of PVA chain in the presence 

of bulky and rigid POSS cages. The shift in melting temperature (T

higher temperature can be observed in

influence of POSS moieties on the improved crystallinity of 

to the nucleation ability of m-POSS particles in PVA matrix. At higher 

weight percentage of POSS, there is a marginal de

POCPG3 

PG 
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amphiphilic nature capable of interacting with water. The observation is in 

ation. Generally, wettable materials with 

rough surface have lower water contact angle.20-21 

 

   

contact angle images on the surface of crosslinked PVA 
POSS membranes 

Differential scanning calorimetry (DSC) 

esents the DSC curves of the PVA and PVA/m-POSS systems 

recorded during heating and cooling cycle. A significant improvement in 

parameters of PVA can be observed upon the 

POSS (1wt %). From the heating curve, the glass transition 

PVA is found to be 79oC and is shifted to 

POSS molecule as presented in Table 5.1. 

This result demonstrates the restricted mobility of PVA chain in the presence 

The shift in melting temperature (Tm) to 

higher temperature can be observed in PVA/m-POSS and is due to the 

the improved crystallinity of PVA. It is owing 

POSS particles in PVA matrix. At higher 

weight percentage of POSS, there is a marginal decrease in melting and 

POCPG1 

POCPG5 
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crystallisation properties of PVA due to the slight agglomeration of m-POSS 

particles in the polymer chain, as seen in FE-SEM. 

 

 
Figure 5.7: Heating and cooling curves of crosslinked PVA and PVA/m-

POSS membranes. 
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5.2.5 Mechanical properties 

The focus on introducing cetyltrimethylammonium group modified POSS to 

the PVA matrix is to improve its mechanical stability as well as transport 

properties. The mechanical properties of the PVA/m-POSS greatly depend on 

various factors such as properties of PVA, structure, dispersion, crosslinking, 

functional groups present on the m-POSS and the interfacial interaction 

between the PVA matrix and m-POSS nanoparticles. The mechanical 

strength of PVA/m-POSS system increases significantly due to the 

reinforcement effect of m-POSS, which acts as stress transferring agents. 

Typical stress-strain diagram of PVA and m-POSS incorporated PVA 

systems are depicted in Figure 5.8 and tensile testing data are tabulated in 

Table 5.1. For PVA, its average Young modulus and tensile strength are 144 

and 35 MPa respectively.  It is interesting to observe that the introduction of 

CTAB modified POSS in PVA created a dramatic improvement in 

mechanical properties such as Young’s modulus and tensile strength. 1wt% 

m-POSS introduced PVA membrane exhibits about 8-fold increase in 

Young’s modulus (1169MPa) relative to the PVA matrix. The reason behind 

it is the better dispersion of POSS in a large interfacial area of the PVA 

matrix. Uniform dispersion and compatibility of m-POSS in PVA matrix is 

evident from SEM analysis. PVA/m-POSS exhibits maximum tensile 

strength at 5wt% of m-POSS loading; it is about 202% higher than that of 

PVA. This can be ascribed to the good interfacial interaction between PVA 

and m-POSS resulted in exceptional load transfer between PVA and rigid 

siloxane core. Jiang et al. recently reported that the tensile strength of PVA is 

increased by 57% upon the incorporation MoS2 functionalised POSS.22 PVA 

reinforced with melamine (MA) also showed improved tensile strength and 

Young’s modulus, it increases to about 22 and 25% respectively.23 About 181 

and 198% increase in tensile strength and modulus is observed for PVA by 

the incorporation of aryl diazonium salt functionalised graphene (ADS-G).24 
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In chapter 3 the mechanical properties of Octa–TMA-POSS incorporated 

uncrosslinked PVA is presented and found that the tensile strength and 

Young’s modulus of PVA improves to 122 and 321% respectively in the 

presence of POSS, which is much lower than the present system.25 Hence the 

introduction of CTAB modified Octa-TMA-POSS in the crosslinked PVA is 

an effective method to achieve excellent mechanical performance of PVA 

membrane. As seen in Figure 5.8, a slight reduction in the ductility and 

toughness of crosslinked PVA/m-POSS observed in an acceptable range at 

lower loading of POSS due to the restricted free movement of PVA chains. 

The presence of long alkyl chain on m-POSS imparts CH2
_CH2 interaction 

within the crosslinked membrane, which boost up greater intermolecular 

forces between chains. 

 
Figure 5.8: Stress-strain response of crosslinked PVA and PVA/m-POSS 

membranes 
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Table 5.1: Thermal and mechanical properties of the crosslinked PVA and 
PVA/m-POSS systems 

Sample Tensile 
Strength 
(MPa) 

Young's 
Modulus 

(MPa) 

Elongation 
@Break 

(%) 

Tm 

(°C) 
∆Hf 

(J/g) 
Tg 

(°C) 

Tc 
(°C) 

∆Hc 

(J/g) 
%  

crystallinity 

PG 
POCPG1 
POCPG3 
POCPG5 

 

35±2 
57±3 
57±4 
71±4 

 

144±4.7 
1169±5.1 
1156±4.6 
1069±4.2 

 

303±3.9 
251±5.8 
283±4.9 
302±4.9 

 

224 
230 
224 
226 

52 
58 
52 
49 

79 
81 
80 
79 

190 
193 
188 
189 

60 
66 
61 
59 

37 
41 
37 
35 

 

Guth, Kerner and Frankle–Acrivos models are exercised to assess the 

Young’s modulus of PVA/m-POSS membranes.26-28 Equations are presented 

in chapter 3 of the thesis (Equations. 3.2, 3.3 and 3.4). 

Theoretically computed values are depicted in Figure 5.9. Theoretical 

calculations are based on the assumption of spherical nature of POSS 

particles. Experimentally observed Young’s moduli are found to be higher 

than theoretical values. This can be attributed to the good interfacial 

interaction between PVA and m-POSS.  

 
Figure 5.9: Comparison of experimental Youngs modulus with various 

theoretical models 
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PVA and m-POSS interaction and their mechanical behaviour can be 

correlated from the microscopic examination of the fracture surface. SEM 

micrograph of tensile fracture surface of 3wt% m-POSS embedded PVA  

membrane is presented in Figure 5.10. PVA/m-POSS system exhibit the 

crack bifurcation with the least expenditure of energy for the fracture. The 

good dispersion and the strong adhesion of PVA and m-POSS enhances the 

effective stress transfer between PVA and POSS. 

 

 

Figure 5.10: SEM images of tensile fractured cross section of (a-b) P0 (c-d) 
POCPG3 

 
5.2.6 Pervaporation performance  

Isopropanol (IPA) is an extensively used industrial solvent due to its non-

toxic, easy to dissolve and quick evaporation ability. Industries produce large 

amount of IPA aqueous solution as waste and so it is important to separate 

water from IPA mixtures.29 The pervaporation performance of the m-POSS 

incorporated PVA membrane was evaluated for the azeotropic IPA-water 

separation (ie, 87.5wt% IPA and 12.5wt% water). As demonstrated in Figure 

(b) 

(c) (d) 

(a) 
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5.11(a-b), 1wt% m-POSS embedded PVA system shows 3-fold and 7-fold 

increase in the permeation flux and separation factor respectively with respect 

to crosslinked PVA. 
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Figure 5.11: Effect of different weight percentage of POSS on the separation 
performance of PVA/m-POSS membranes 

Component flux graph for PVA/m-POSS systems are presented in Figure 

5.11(c). Interestingly, total flux and flux values of water are almost equal in 

m- POSS embedded PVA membrane while IPA flux is negligible especially 

at 1wt% of m-POSS. It reflects the good affinity of PVA/m-POSS membrane 

towards water in the water-IPA azeotropic mixture. Separation efficiency and 

overall performance of the membrane can be assessed from enrichment factor 

(  ) and pervaporation separation index (PSI) respectively, and the data are 

presented in Table 5.2. It is observed that   and PSI values of PVA 

membranes get improved by 1.32 and 16 fold in the presence of 1wt% of m-

POSS due to the good compatibility of m-POSS in PVA matrix.  

The intrinsic membrane properties are further illustrated from the permeance 

and selectivity of PVA and PVA/m-POSS system (Table 5.2). For PVA 

membrane, water selectivity and permeance is 30 and 2106 gpu respectively. 

As shown in Table 5.2, 1 wt% m-POSS introduced PVA membrane exhibits 

a 3-fold and 2-fold increase in water selectivity and permeance respectively 
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when compared with the PVA. It is noteworthy that the lower weight 

percentage of m-POSS addition combined with crosslinking generated a PVA 

membrane with excellent PV performance by achieving both permeance and 

selectivity together. The hydrophilic PVA/m-POSS membranes preferentially 

trap water from feed and easily transports across the membrane. As seen in 

contact angle measurements, the hydrophilicity of the PVA membrane 

increases in the presence of m-POSS, resulting in the high affinity of 

membrane towards water molecule. Thus the membrane offers good 

selectivity for the separation of azeotropic IPA-water mixture. At higher filler 

loading, PVA membrane exhibit reduced selectivity due to the increase in 

hydrophilicity as a function of weight percentage of POSS (contact angle 

measurements). Consequently, swelling (Table 5.2) and mobility of the 

polymer chain increases. Therefore, the transport of comparatively large IPA 

molecule takes place along with water molecules. Briefly, hydrophilicity 

increases the swelling and as a result the organic content diffuses through the 

membrane, which leads to high permeance and reduced selectivity. Thus, the 

membrane properties of PVA such as hydrophilicity, swelling and the 

pervaporation performance are effectively tuned by the introduction of m-

POSS.  

Selective permeation of water molecules through the hydrophilic PVA/m-

POSS membrane is presented in Scheme 5.1. The application of 

concentration gradient between upper (feed region) and the downstream 

(permeate region) side of the membrane force the water molecule to diffuse 

out through the other side.30 The pervaporation separation performance of 

PVA/m-POSS membrane is further confirmed from the diffusion coefficient 

of the membrane (Table 5.2). As compared with PVA membrane, PVA/m-

POSS system shows improved diffusion coefficient for water (Dwater) because 

of the increase in hydrophilic nature of the PVA membrane by the 

introduction of m-POSS.    
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Table 5.2: Variation of transport properties of crosslinked PVA membrane 
with different weight percentage of m

Sample 
 

Enrichment 
factor 

(β) 

Pervaporation 
separation 

index 
(PSI) 

Selectivity

PG 
POCPG1 
POCPG3 
POCPG5 

5.76 
7.64 
6.72 
6.4 

0.435 
7.04 
2.97 
1.81 

 

Scheme 5.1: Schematic representation of 
water molecules in the membrane channel, partial pressure 
difference force the water molecule to diffuse out through the 
other side. 

5.2.7 Modified Maxwell-Stefan model 

during the IPA-water azeotropic mixture PV separation 

Detailed description of modified Maxwell

many previous works.31-32 Abridged description of the 
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: Variation of transport properties of crosslinked PVA membrane 
with different weight percentage of m-POSS 

Selectivity Permeance 
(gpu) 

Degree 
of 

swelling 
(%) 

Dwater 
x105 

(cm2/s) 

DIPA 
x105 

(cm2/s) 

30 
92 
43 
36 

2106 
4256 
5275 
5411 

13 
16.2 
16.8 
17 

5.8 
18 
21 
19 

9.2 
5 

 11 
12 

 

Schematic representation of hydrogen bond formation between 
water molecules in the membrane channel, partial pressure 
difference force the water molecule to diffuse out through the 

Stefan model to assess the permeation flux 

tropic mixture PV separation  

Maxwell-Stefan equation is reported in 

Abridged description of the Maxwell-Stefan 
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equation is presented in chapter 4. Figure 5.12 presents the experimentally 

determined and theoretically evaluated flux for IPA-water azeotropic 

mixture. As observed, theoretically predicted values are in considerable 

agreement with experimental results. This can be explained in terms of good 

affinity of the membrane towards water molecule in the presence of POSS 

molecules for the separation of azeotropic IPA-water mixture. 

 
Figure 5.14: Theoretical comparison of flux with weight percentage of m-

POSS 

Table 5.3 provides a comparative study of the PV separation of azeotropic 

IPA-water mixture using various polymer membranes. As observed, PVA/m-

POSS membrane used in the present study exhibited excellent separation 

factor with satisfactory flux as compared with the reported data. This 

revealed the potential of PVA/m-POSS membrane for the effective separation 

of azeotropic IPA-water mixture. 
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Table 5.3: Comparative study of the PV separation of azeotropic IPA-water 
mixture using the present membrane with reported systems. 

 

5.3 Conclusions  

PVA membrane with excellent mechanical and pervaporation performance 

was fabricated by introducing CTAB modified POSS in crosslinked PVA 

matrix. Hydrophilicity of the chemically crosslinked PVA membrane 

increased with increase in the weight percentage of m-POSS. Tensile strength 

and Young’s modulus of PVA matrix were enhanced remarkably to 202 and 

742% respectively at higher weight percentage of m-POSS. A significant 

improvement in water selectivity and permeance were observed at lower 

loading of POSS (1 wt % w.r.to PVA). The membranes showed remarkable 

separation factor with satisfactory flux as compared with reported data found 

in literature. The exceptional mechanical property and pervaporation 

performance observed revealed the potential of PVA/m-POSS membrane for 

the effective separation of azeotropic IPA-water mixture.  

  

Membrane 
Water flux 
(kg/m2 h) 

Separation 
factor 

References 

1. PVA-g PNIPAAm 
2. PVA/clay 
3. F2PVGLU6 
4. PVA/m-POSS 

0.01 
0.08 
4.72 
0.06 

95 
32 

72.70 
133 

8 
33 
34 

Present work 
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Chapter 6 

Gas Transport Properties and Free volume 
Studies of PVA/POSS and PVA/m-POSS 

Membranes 

 

Summary 

Gas transport properties of PVA/POSS and PVA/m-POSS membranes were 
studied and it was related to the free volumes. Free volume of the membranes 
were evaluated by positron annihilation lifetime spectroscopic (PALS) 
measurements. These membranes were found to be good for CO2 separation, 
especially PEG-POSS filled PVA membrane due to the dipole-quadrupole 
interaction of CO2 with ethylene oxide (polar ether oxygen) group on POSS. 
Finally, Maxwel-Wagner-Sillar and Higuchi models were applied for the 
theoretical prediction of permeability of fabricated membrane. 
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6.1 Introduction 

Carbon dioxide emission from fossil fuels, automobiles and industry has 

become a major threat for environmental ecology and the sustainable growth 

of human society. Mitigation of CO2 waste from various sources to the 

atmosphere is the only way to protect the delicate balance of the 

environmental system, at least in the present state.1-4 An extensive work is 

going on to develop a green approach for the highly efficient, energy saving 

and cost effective technique for CO2 separation. Polymer membranes based 

gas separation is one of the best method to be adopted in various fields for 

gas separation. In membranes very less area is enough for the separation of 

gas mixtures, hence from the economical and application point of view, 

polymer membranes are excellent material for gas separation. The major 

advantages of polymer membranes mediated gas separation strategy over 

other traditional separation processes like adsorption, absorption and thermal-

driven cryogenic distillation is its offered energy efficiency, low operating 

costs, ease of application and moreover, it is a green approach.  

CO2 is found to be a common constituent in gas mixtures in industries such as 

natural gas, flue gas, in bio gas processing and hydrogen purification. So 

there is a substantial demand for energy-efficient, low cost polymer 

membrane tool for the CO2 separation.5-8 However, the trade off behaviour 

between permeability and selectivity recognized by the Robeson’s upper 

bound in polymer membranes are the major disadvantage and leading to a 

compromise on the separation performance. Therefore, fabrication of high-

performing polymer membranes with efficient separation performance and 

good physicochemical stability has fascinated high interest of the researchers. 

Addition of suitable inorganic fillers in polymer matrix is found to be a 

successful approach for the designing of membranes for good gas separation 
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performance.9-12 Introduction of nanofillers to the polymer matrix often lead 

to reduction in the membrane transport property, in which the nanoparticle 

act as barrier to minimize the passage of gas molecules. In some cases 

addition of particulate fillers like silica and metal oxides, significantly 

improves gas permeance and selectivity of membranes even for the large 

penetrants. Xin et al. fabricated a mixed matrix membrane by incorporating 

different functionalised silica in poly(ether ether ketone) (SPEEK) and 

pyridine functionalised silica microspheres incorporated SPEEK. The 

membranes exhibited remarkable gas separation performance due to the 

presence of large number of CO2 interacting sites (amine group) in the 

membrane and enhanced polymer chain rigidification.13  There are a number 

of mechanisms proposed for the improvement in gas permeation and 

selectivity. Particularly, the incorporation of nanoparticle in polymer, which 

disrupt the polymer chain packing and form polymer-particle interfacial 

regions or free volume pockets, will improve the permeation of gas 

without sacrificing selectivity.14-16 The additional free volume pockets 

produced upon the introduction of nanoparticle in the polymer membranes 

can be observed in PALS analysis.17-20 

CO2 gas has high solubility in polar membranes over light gases. Freeman et 

al. developed strategies to achieve high polar/non-polar selectivity. They 

have recognised ethylene oxide (EO) based materials to attain high 

permeability and CO2/light gas selectivity.21 Poly(ethylene 

oxide)/poly(ethylene glycol) (PEG) is well recognised for its high CO2-

philicity originated from the dipole-quadrupole interaction between ether 

groups of PEG and CO2.
22-26  

Polyhedral oligomeric silsesquioxane (POSS) nanomaterials are employed to 

modify polymeric membranes for improved gas transport performance.  It is a 
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promising nanomaterial for modifying polymer membrane and developing 

membranes with good gas separation performance.27-28 In a recent report, it 

was shown that 10 wt.% of PEG-POSS doped PIM-1 membrane exhibited 

150% improvement in CO2/CH4 selectivity with respect to pure PIM-1 and 

1300 Barrer permeability.29 PEBAX® 2533 membrane doped with 30wt% of 

PEG-POSS exhibit simultaneous improvement in selectivity and permeability 

at 30oC.30 

In the present study, three types of functionalised polyhedral oligomeric 

silsesquioxane containing polyethylene glycol, anionic-octa-

tetramethylammonium (PEG-POSS and Octa-TMA-POSS) and 

cetyltrimethyl ammonium (CTA) group modified Octa-TMA-POSS 

molecules were used to modify PVA membrane. CO2/O2 and CO2/N2 

separation performance of these membranes were investigated. Free volume 

property of the membranes were analysed through positron annihilation 

lifetime spectroscopy (PALS). Chapter 6 focus on the correlation between 

free volume properties and gas transport performance of the membranes. 

6.2 Results and discussion  

6.2.1 Positron annihilation lifetime spectroscopic (PALS) analysis 

According to the free volume theory, diffusion of permeant across the 

polymeric membrane is the outcome of random redistribution of free volume 

defects within a polymer membrane. PALS is a powerful and direct technique 

to probe free volumes within a polymer membrane. The effect of various 

functionalised POSS molecules on the free volume parameters such as radius 

(R) of free volume hole, corresponding intensities (I) and fractional free 

volume (fv) of PVA membrane have been analysed by PALS technique and 

the parameters are presented in Table 6.1. It can be seen from the PALS 
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results that, in pure PVA (denoted as P0 in Table 1), both smaller (R3) and 

larger sized (R4) free volume defects are present, as indicated by an additional 

free volume defect component of positronium lifetime τ4 and intensity I4. 

Moreover, no τ2 and I2 are observed because all positrons are trapped, 

eventually formed positronium atoms and got annihilated from this bound 

state, a situation described as “saturation trapping” in positron literature. 

Upon the incorporation of POSS molecules (i.e., in samples PPP1 and PPP3), 

the radius and fractional free volume of the smaller free volume cavities (R3 

and fv3 (%)) are observed to get enlarged in the PVA membrane. The POSS 

molecules enter in between the polymer chains and provide a viable pathway 

for the transport of gas molecules owing to its rigid and spherical structure. 

Large free volume cavities can be observed in the case of cetyltrimethyl 

ammonium functionalised POSS (m-POSS) introduced PVA membrane. It is 

noteworthy that in PCOPG1, all free volume defects are evenly distributed 

and shows only τ3. But in PCOPG3, τ3 and τ4 are present, which means that 

the free volume defects are drifting to smaller and larger sizes. This can be 

attributed to the inefficient chain packing at higher loading and the dominant 

nanoparticle-nanoparticle interaction over nanoparticle–polymer interaction, 

resulting in new voids at interfacial regions. While the intensity I3 decreased 

for all POSS doped PVA, which is an indication of the number of permeating 

path ways in the membrane. It gets reduced in the presence of nanoparticles 

in the PVA matrix. 

Table 6.1: PALS data of PVA and PVA/POSS membranes 

Sample 
τ1 

(ns) 
τ2 

(ns) 
τ3 

(ns) 
τ4 

(ns) 
I1 

(%) 
I2 

(%) 
I3 

(%) 
I4 

(%) 
R3 
(Å) 

R4 
(Å) 

fv3 

(%) 
fv4 

(%) 

P0 0.15 Nil 1.20 2.02 78.53 Nil 18.77 2.70 1.97 2.88 1.00 0.45 
PPP1 0.15 0.45 1.45 - 54.88 27.64 17.48 - 2.29 - 1.46 - 
PPP3 0.17 0.50 1.54 - 59.41 23.56 17.03 - 2.41 - 1.66 - 
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6.2.2 Gas separation performance of PVA/POSS membranes  

Permeability P is the most frequently used basic parameter to characterise gas 

barrier properties of the membrane and it is the product of solubility 

coefficient (S) and diffusion coefficient (D) ie, P = D X S. The solution-

diffusion mechanism describes the permeation of a gas molecule across the 

dense polymeric membranes. In this mechanism, gas molecules dissolve on 

the upper face of the membrane (high pressure side) and then diffuses 

through the membrane driven by concentration gradient.31-32 Finally, 

desorption of the gas molecules occur at the low pressure downstream face of 

the membrane. Assumed that gas penetrant’s upstream fugacity (f2) is much 

higher than downstream fugacities (f1) ie, f2>>f1 and Fick’s law of gas 

diffusion is prevalent.  

Permeability (Px,) and selectivity (αx/y) are the intrinsic gas transport 

properties of the particular membrane-gas permeate system. Px and  αx/y is 

expressed as, 

12 ff

lJ
Px




    

or 

)()()(
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POTP1 0.18 0.41 1.46 - 46.44 34.65 18.91 - 2.30 - 1.54 - 
POTP3 0.18 0.42 1.45 - 49.89 31.12 18.99 - 2.29 - 1.53 - 

POCPG1 0.12 0.45 1.48 - 58.36 24.72 16.92 - 2.32 - 1.47 - 
POCPG3 0.15 0.40 1.34 2.73 49.09 31.55 17.38 1.98 2.15 3.45 1.20 0.57 
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where Px and Py refers to the permeability of polymer towards the gases x and 

y, and  is the flux of the gas achieved with the membrane.  

The solubility and diffusivity of the penetrants in the membrane are affected by 

various factors such as the physical or chemical interactions between the penetrant 

and membrane (hydrogen bonds, polar group interactions), morphology or 

chemical structure of the membrane and environmental parameters (such as 

pressure and temperature). The effect of different functionalised POSS molecules 

on the gas transport property of PVA membrane have been analysed using 

nitrogen, oxygen and carbon dioxide single gases. As seen in Figure 6.1, PEG-

POSS doped PVA shows remarkable improvement in N2, O2 and CO2 gas 

permeability when compared with pure PVA due to the  plasticizing action of 

flexible low molecular weight PEG group on POSS situated between the PVA 

chains. The hydrogen-bonding interaction between PVA and PEG-POSS decrease 

the crystallinity of the membrane and thereby construct a PVA/PEG-POSS system 

with high intermolecular space. Consequently, the gas transport through the 

membranes gets improved. The improved free volume characteristics of the 

PVA/PEG-POSS membranes are confirmed from PALS studies. The high degree 

of roughness on the surface of the  PVA/PEG-POSS membrane (clear from AFM 

images presented in chapter 3) provides more surface area  and offer large 

adsorption sites to the membrane than pure PVA. It is very interesting to observe 

that CO2 transport across the PVA/PEG-POSS membrane is found to be higher 

than O2 and N2 gases due to the strong dipole-quadrupolar interaction between low 

molecular weight polar ethyl glycol functional group on the POSS with CO2 

molecule and is schematically shown in Scheme 6.1. 
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Figure 6.1: Variation in N2, O2 and CO2 permeability of PVA/PEG-POSS 
system as a function of weight % of PEG-POSS 

 

Scheme 6.1:  Schematic representation of the mechanism of transport of CO2 
and O2 gas mixtures across the PVA/PEG-POSS membranes. 
Dashed arrows represent the transport of gas molecules through 
solution-diffusion mechanism and solid arrows represent CO2 
transport due to dipole–quadrupole interaction 
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As shown in Figure 6.2 and Figure 6.3, PVA/Octa-TMA-POSS and PVA/m-

POSS (at 1wt%) systems exhibit reduced O2 and N2 transport due to the 

reduction in the number of permeating pathways and improved crystallinity 

as compared to pure PVA. The presence of dominant rigid crystalline 

siloxane core framework in Octa-TMA-POSS restricts the segmental mobility 

of PVA chains. As a result, the permeate has to travel through more tortuous 

path in .the membrane. A schematic representation of the diffusion path of 

gas molecules in pure PVA and tortuous path model in POTP1 and POCPG1 

membranes are presented in Scheme 6.2. Interestingly the membrane shows 

exceptionally high CO2 permeance than the pure PVA owing to the high 

affinity of anionic POSS towards polar CO2 molecule. Another interesting 

observation is the high gas permeability of 3wt% m-POSS incorporated PVA 

membrane owing to the significant increase in the free volume defects in the 

membrane. 

 

Figure 6.2: Variation in N2, O2 and CO2 permeability of PVA/Octa-TMA-
POSS system as a function of weight % of POSS 
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Figure 6.3: Variation in N2, O2 and CO2 permeability of PVA/m-POSS 
membrane as a function of weight % of POSS 

 

Scheme 6.2: (a) Permeation path of gas molecules in pure PVA (b) Tortuous 
path model in POSS incorporated PVA membranes 

 

Membranes with both high permeability and selectivity to the preferred gas is 

required for efficient gas separation. The permselectivity ( ) of a membrane 

towards CO2, O2 and N2 gases are computed from the expressions 

(a) (b) 
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where )( 2COP , )( 2OP  and )( 2NP are the permeability coefficients of CO2, 

O2 and N2 gases respectively. 

Table 6.2 shows the permselectivity values of PVA/POSS membranes 

towards O2, N2 and CO2. It is noteworthy that all membranes exhibited higher 

CO2 selectivity when compared with pure PVA. It is due to the high affinity 

of membrane towards CO2 over nonpolar O2 and N2 gases.  

Table 6.2: CO2/O2(N2) permselectivity values of all PVA/POSS membranes, 

 

 

 

 

 

 

Theoretical predictions of gas permeation 

The gas permeability through membranes are further explored by applying 

modified Higuchi and Maxwel-Wagner-Sillar models33-36 The modified 

Higuchi model is given by 

Sample Permselectivity 
(P(CO2)/P(N2) 

Permselectivity 
(P(CO2)/P(O2) 

P0 

PPP1 

PPP3 

POTP1 

POTP3 

POCPG1 

POCPG3 

4.64 

14.82 

12.75 

10.57 

10.65 

11.54 

9.15 

0.49 

1.97 

1.86 

1.17 

          1.20 

     1.31 

1.11 
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where Pc is the permeability of countinuous PVA phase, P is the permeabilty 

of PVA/POSS system, f is the volume fraction of  POSS and KH is the 

Higuchi constant. Higuchi selected KH values as 0.78 for spherical particles 

on the basis of experimental data.33 According to his observations the KH 

value varies with the change in particle size. In the present work, no good 

agreement in gas permeability between experimental data and Higuchi model 

could be found when KH = 0.78 because of the nanosize effect of POSS 

particles. Therefore, for the best fit of Higuchi model with experimental data, 

appropriate values of KH values are identified through least square method 

and it is presented in Table 6.3. Figures 6.4, 6.5 and 6.6  depict the 

correlation between the experimental results and the Higuchi model based on 

the selected KH parameter. It can be seen that KH increases with increase in 

gas permeability through PVA/POSS membrane. Similar observations are 

reported for C-MOF-5 incorporated polyetherimide (PEI) mixed matrix 

membranes.37 The order of decreasing permeability and KH are 

PCO2>PO2>PN2 and KH CO2> KH O2> KH N2 respectively. 

Table 6.3: The best fitted KH parameters obtained for different gases in 
PVA/POSS membranes according to the Higuchi model. 

Gas PVA/PEG-POSS PVA/Octa-TMA-POSS PVA/m-POSS 
N2 
O2 

CO2 

4.5 
4.6 
4.64 

3.2 
3.21 
4.49 

3.1 
3.5 
4.09 
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Figure 6.4: Comparison of experimental and theoretical permeability  of PVA/PEG-

POSS membranes for (a) N2, (b) O2 and (c) CO2 gases. 

The other model, known as Maxwel-Wagner-Sillar model, is given by 

the expression 
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In the case of non-porous impermeable spherical particle (n = 1/3 and PF = 0) 

dispersed polymer membranes, the Maxwel-Wagner-Sillar model becomes 

)5.01(

)1(

f

f

CPP







                                             (6.7) 

As seen in Figure 6.4 (a-b), N2 and O2 permeability of PEG-POSS dispersed 

PVA systems calculated from Higuchi model exhibited good agreement with 

the experimental data. However, the experimental CO2 permeability is found 

to be higher than that predicted by the Higuchi model due to the high dipole-

quadrupolar interaction of CO2 molecules with polar ethylene oxide groups 

(Figure 6.4(c)). Similar results are observed in the case of Octa-TMA-POSS 

and m-POSS dispersed PVA systems (Figure 6.5 and Figure 6.6). However, 

for 3wt% of m-POSS loaded PVA system, experimental results show high 

permeability to all gases than the theoretical values owing to the significant 

change in the PVA-POSS interfaces and the presence of both smaller and 

larger free volume holes as seen from PALS results. Maxwel-Wagner-Sillar 

model is not in agreement with the experimental results because of the fact 

that the model is only considering the effect of volume fraction of POSS 

particle on the matrix. The interaction of gas molecules with the membrane 

and the influence of size and shape of POSS particles are not included in this 

model.  
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Figure 6.5: Comparison of experimental and theoretical permeability of 
PVA/Octa-TMA-POSS membranes for (a) N2, (b) O2 and (c) 
CO2 gases. 
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Figure 6.6: Comparison of experimental and theoretical permeability of 
PVA/m-POSS membranes for (a) N2, (b) O2 and (c) CO2 gases. 

6.3 Conclusions 

In summary, the effect of different functionalised POSS particles on the 

permeability of N2, O2 and CO2 molecules in  PVA membrane were 

examined. The diffusion of gas molecules through the membrane was 

correlated to the free volume of the system evaluated by PALS 

measurements. Free volume as well as gas diffusion observed in PVA/POSS 
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system was higher as compared to pristine PVA. PVA/PEG-POSS 

membranes showed remarkable improvement in CO2 permeability and 

selectivity because of the plasticizing action of flexible low molecular weight 

PEG group on the POSS situated between PVA chains and high dipole-

quadrupolar interaction of CO2 molecules with ethylene oxide groups present 

in the membrane. The introduction of Octa-TMA-POSS reduced the O2 and 

N2 permeabilty of the PVA membrane due to the improved crystallinity of 

PVA/Octa-TMA-POSS system  as compared to pure PVA.  The Higuchi 

model of permeability provided good agreement for the experimental data in 

the case of N2 and O2, whereas the experimental values were found to be 

significantly  higher than the theoretical values for the permeability of CO2 

molecule due to dipole-quadrupolar interaction of CO2 molecules with polar 

ethylene oxide groups. 
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Chapter 7 

Mechanical Properties and Permeation 
Performance of PVA-PEO/POSS 

Membranes 
 

Summary 

Mechanically stable novel POSS embedded poly(vinyl alcohol) 
(PVA)/poly(ethylene oxide)(PEO) blend membranes were prepared by 
solution blending followed by casting. Addition of carboxy methyl cellulose 
(CMC) enhanced the interfacial activities of PVA and PEO blends. This 
chapter deals with the characterisation, mechanical and separation properties 
of PVA-PEO/POSS membranes. As compared to PVA membrane, PEG-
POSS and Octa-TMA-POSS embedded PVA-PEO membranes exhibit 678 
and 579% enhancement in Young's modulus as well as 134 and 137% 
improvement in tensile strength respectively. The presence of ethylene oxide 
tail on POSS as well as PEO in the blend membrane enhances the CO2 

affinity of the membrane. The presence of hydrophilic functional group on the 
POSS improves the hydrophilicity of the membrane and produces more 
binding sites for water molecule in the membrane during the pervaporation 
separation of THF-water azeotropic mixture. 

 

 

 

This chapter has been published in Polymer International, 7, 68, pp 1280-
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7.1 Introduction 

In the last decades, polymer membrane-based separation technologies have 

generated considerable industrial and research attention as a prominent 

paradigm for gas and liquid mixture separation. Polymer membranes have 

great interest for separation applications because of its ease of availability, 

processability, low operation cost and good mechanical properties.1-3 The 

separation technologies achieve outstanding advantages and overcome the 

limitations of traditional separation processes such as distillation, which 

involve many complicated operations as well as economical, environmental 

and technical challenges. 

Separation process through membranes are driven by the gradient in chemical 

potential or gradient in concentration between the upstream and downstream 

sides of the membrane, which is created by the application of partial pressure 

difference to the diffusing species across the membrane. Chemical and 

physical interaction between permeating molecule and polymer can enhance 

the penetrant solubility. The diffusivity of penetrants are affected by the 

presence of free volume occupied between the chains of polymers, where 

diffusing molecules can be situated.4-7 The interaction between polymer 

chains with nanofillers may interrupt polymer chain packing and improves 

free volume and diffusivity of penetrants. Yave et al. synthesised 

Pebax®/PEG blend membranes, which exhibited high gas permeability and 

selectivity with enhanced CO2 solubility. It is due to the presence of ethylene 

oxide unit and availability of free volume within the membrane by the 

plasticization action of PEG.8 The constituents with higher affinity with the 

membrane could favorurably absorb and diffuses across the membrane than 

its counterpart. Separation using polymer membranes can be extensively 

applied in oxygen enrichment in combustion processes, CO2/N2 and CO2/CH4 

separation during flue gas and bio gas treatment, natural gas drying and 

roofing membranes.9-11 Among these potential applications, CO2 capture and 
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storage is very essential since it plays a vital role in global warming. 

Polar/non-polar selective membranes are largely applied for the separation of 

quadrupolar CO2 from light nonpolar gases such as H2, N2 and CH4 based on 

the difference in solubility. Lin and Freeman have recognized that ethylene 

oxide based materials are suitable to achieve efficient CO2/light gas 

selectivity along with excellent permeance.12 The high affinity of 

poly(ethylene glycol) (PEG) group towards CO2 molecule is achieved 

through Lewis acid-base interaction between CO2 molecule and ether unit.13 

Morphology, molecular structure, mobility of polymer chains, free volume, 

hydrophilicity, orientation of additives and the penetrant-polymer interaction 

are the critical factors that greatly influence the diffusion and permeation 

properties of the membranes. Robenson et al. reported the strong correlation 

between transport properties and morphology of the miscible and phase 

separated polymer blends.14 Unique hierarchical morphologies are usually 

observed in nanofillers compatibilised polymer blends, which will improve 

the electrical, magnetic and mechanical properties of the membrane.15 Wang 

et al. studied the morphology of polymer-filler interface and its effect on gas 

transport performance of mixed-matrix composite membranes.16 Scientists 

have developed innovative methods such as polymer blending, incorporation 

of nanoparticles to polymer systems with tailored properties like high 

permeance and selectivity together to overcome the usual trade-off behaviour 

of pure polymers. Both poly(vinyl alcohol) (PVA) and poly (ethyleneoxide) 

(PEO) are of particular interest because of their water solubility, 

biodegradability, nontoxicity, gas permeability, thermal properties and ability 

to form strong H-bonds with various additives.17-20 Sengwa et al. fabricated 

MMT clay embedded PVA-PEO blend system and studied its dielectric 

properties and polymer chain dynamics.21 Wang et al. reported the properties 

of nanosilica-compatibilised immiscible (poly(vinylidenefluoride)/ poly(L-

lactide)) blend.22 Recently Dilshad et al. fabricated  highly CO2 selective 
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2wt% zinc oxide  filled PVA-PEG (60wt% PEG with Mw = 570-630 g/mol) 

blend membrane. The membrane is cross-linked using 60 mol% 

formaldehyde. The membrane exhibited 423 Barrers CO2 permeability and 

112.8 CO2/N2 selectivity.23 The major challenge in the fabrication of PVA 

based membrane for separation process is to reduce its swelling behaviour in 

water and to enhance the separation performance. Inorganic moieties 

incorporated organic polymer membranes have been found to be a highly 

successful strategy to produce advanced material with remarkable mechanical 

and transport properties.24-26 The H-bonding ability of hydrophilic polymers 

such as PVA (hydrogen bond donor) and PEO (ether groups are hydrogen 

bond acceptor) with various nanofillers can provide an adequate 

compatibility of nanoparticle in the polymer matrix. Lee et al. developed 

POSS incorporated poly(vinyl alcohol)/poly(acrylic acid) cross-linked 

nanofibrous hybrid composites with excellent mechanical properties.27 

Chapter 7 discuss the synthesis of mechanically stable, CO2 and water 

selective POSS embedded PVA-PEO blend membrane, which can be used for 

the CO2 separation from CO2/N2 and CO2/O2 gas mixtures and pervaporation 

separation of water from THF-water azeotropic mixture. The presence of 

ethylene glycol unit in the PVA membrane enhances the affinity of 

membrane towards CO2 and water molecules. Permeation properties of the 

synthesised membranes have been correlated with available free volume 

within the system.  

7.2 Results and discussion  

7.2.1 FT-IR analysis 

ATR-FTIR characterization can provide an insight into the specific 

interaction in PVA-PEO blend system incorporated with functionalised cage 

structured POSS nanomaterial. Carboxy methyl cellulose (CMC) is added to 

modify the interface of PVA-PEO. ATR-FTIR spectra are depicted in Figure 
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7.1. Pristine PEO exhibits peak for C–H stretching, CH2 scissoring, CH2, C–

O–C, C–O bending and C–O–C stretching vibration at 2880, 1456, 1340, 

1276, 1240 and 1094cm-1 respectively. Pristine PVA shows two intense peaks 

at 3260 and 2939cm−1, which is characteristic of O_H and CH2 stretching 

vibrations. The peak at 1416cm−1corresponds to bending of O–H and 

wagging of CH2 and peak at 1073cm−1 is for C–O stretching and O–H 

bending from amorphous chain of PVA. The O–H peak of PVA membrane 

at 3260cm−1 is found to be broadened and shifted to lower wavenumber 

upon blending with PEO and on the introduction of POSS and CMC. This 

could be attributed to the formation of intermolecular H-bonding interaction 

between PVA and PEO promoted by POSS and CMC at the interface.28 

 

Figure 7.1:  ATR-FTIR spectra of (a) PEO (b) PVA (c) PVA-PEO/PEG- 
POSS and (d) PVA-PEO/Octa-TMA-POSS 

7.2.2 Morphology  

Inorder to investigate the topography of fabricated PVA-PEO/POSS 

membranes AFM and SEM characterisations are performed. The phase, 3D 

and height AFM images and measured roughness parameter, Rq are displayed 
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in Figure 7.2. Biphasic morphology is seen in the AFM height image of the 

blend membranes. The surface roughness value (Rq (nm) = 9.5) of pristine 

PVA is reported in chapter 3. As compared with pristine PVA, PEG-POSS 

embedded PVA-PEO blend exhibits reduced surface roughness (Rq (nm) = 

7.3). This decrease in surface roughness suggests good compatibility of POSS 

in PVA-PEO blend system. In contrast, Octa-TMA-POSS embedded PVA-

PEO blend exhibit more rougher surface topography (Rq (nm) = 11) due to 

POSS-POSS interaction in the polymer matrix. 

 

Figure 7.2: Phase (left picture), 3D (centre) and height AFM images of (a) 
PPCPP3 (b) PPCOP3 

Figure 7.3 shows the SEM images of cryofractured surface of pristine PVA 

and PVA-PEO/POSS systems. Micrographs of blend systems clearly disclose 

the dispersed droplet type morphology, PEO the minor component (10%) 

forms the dispersed phase. The system exhibits heterogeneous blend 

morphology, which is more visible in the case of PEG-POSS incorporated 

system owing to the higher content of PEO (Figure 7.3(d-f)). In the SEM 

micrographs of blend system phase separated morphology is observed, where 
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PEO phase is well dispersed within the major PVA continuous phase. In the 

case of Octa-TMA-POSS incorporated PVA-PEO system smaller dispersed 

particles of PEO is observed (Figure 7.3(g-i)) due to the restricted diffusion 

effects on the coalescence of particles due to the presence of POSS. The 

presence of CMC stabilise the PVA-PEO interface by forming hydrogen 

bond with PVA and the two systems become more compatible, which is 

evident from the spherical morphology observed in SEM. 

 

Figure 7.3: SEM images of (a-c) P0, (d-f) PPCPP3 and (g-i) PPCOP3  
membranes at different magnifications. 
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7.2.3 Hydrophilicity 
 
Hydrophilicity of the membrane surface is a critical parameter to examine the 

water-selectivity of the synthesised membrane. The hydrophilic nature of the 

membranes are examined by water contact angle analysis and is demonstrated 

in Figure 7.4. Pure PVA possess water contact angle of 61o, and the water 

droplets are found to be spread and run off very rapidly in the POSS 

embedded blend membrane surface than that of pristine PVA, which 

indicates the improved hydrophilicity of the blend membranes. PPCPP3 and 

PPCOP3 systems exhibited lower contact angles of 44 and 50o respectively, 

suggesting the improved hydrophilic nature with filler loading. This result 

could be reasonable since the presence of hydrophilic organic side groups on 

the POSS as well as hydrophilic polymer phases in the blend membrane 

offered high affinity towards water molecule. 

 

Figure 7.4: Water contact angle images on the surface of PVA, PEG-POSS 
incorporated PVA-PEO and Octa-TMA-POSS incorporated 
PVA-PEO blend membranes. 

7.2.4 Differential scanning calorimetry (DSC)  

Figure 7.5 demonstrated the heating and cooling curves of blend systems and 

the details of the analysis are tabulated in Table 7.1. For pristine PVA, its 

melting peak temperature (Tm) and crystallisation peak temperature (Tc) are 

226 and 197°C respectively. PEG-POSS incorporated PVA-PEO system 

shows the crystallisation properties analogues to that of PVA due to the good 
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interaction between PVA and PEO in the presence of POSS and CMC 

molecule. However, for Octa-TMA-POSS incorporated blend system the 

crystallisation properties slightly reduced with respect to PVA, which could 

be explained by the network formation between POSS molecules to reduce 

the surface energy in the polymer matrices observed from SEM studies. The 

functional groups present on the POSS have a pronounced influence on the 

∆Hf and ∆Hc values of blend system. The degree of crystallinity of PVA is 

computed from the ∆Hf as given in equation (2.11) in chapter 2. Interestingly, 

PEG-POSS introduction in the blend retain the crystallinity of PVA, it 

indicates the miscibility of PVA and PEO in the presence of PEG-POSS and 

CMC. 

Table 7.1: Thermal and mechanical properties of PVA and PVA-PEO/POSS 
membranes 

Sample Tm 

(°C) 

∆Hf 

(J/g) 

Tc 

(°C) 

∆Hc 

(J/g) 

% 

crystallinity 

Tensile 

Strength 

(MPa) 

Young's 

Modulus 

(MPa) 

Elongation 

@Break 

(%) 

P0 

PPCPP3 

PPCOP3 

226 

225 

220 

56 

54 

51 

197 

197 

196 

64 

56 

53 

40 

39 

36 

35±4 

47±4 

48±4 

198±5 

1342±6 

1146±5 

327±6 

175±10 

283±9 
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Figure 7.5: Heating and cooling curves of PVA and PVA-PEO/POSS 
membranes 

7.2.5 Mechanical properties  

Figure 7.6 illustrated the typical stress vs strain curves of pure PVA and 

PVA-PEO/POSS membranes. The data of tensile studies are demonstrated in 

Table 7.1. As compared with pristine PVA, 678 and 579% enhancement in 
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Young's modulus as well as 134 and 137% improvement in tensile strength 

has been observed for PPCPP3 and PPCOP3 system respectively. It is worth 

mentioning that spherical shaped POSS nanofiller can efficiently transfer 

external load between the polymer blend matrix to its rigid siloxane core due 

to the strong interfacial interaction. Both PEG-POSS and Octa-TMA-POSS 

can acts as excellent mechanical reinforcing agents for PVA-PEO membrane 

and CMC enhances the miscibility of PVA-PEO. In chapter 3 the mechanical 

properties of PEG-POSS and Octa-TMA-POSS incorporated PVA is 

presented and it is observed that the mechanical stability of PVA membrane 

increased in the presence of POSS molecules, which is further increased on 

blending with PEO. The blend membrane exhibits reduced elongation at 

break and improved stiffness due to good miscibility of PVA and PEO 

polymers in the presence of CMC, CMC act as a stabiliser of the PVA-PEO 

blend.29 

 

Figure 7.6: Stress-strain graphs of pure PVA and PVA-PEO/POSS 

membranes 
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Einstein (eq.7.1), Kerner and Frankle–Acrivos models (Equations 3.3 and 3.4 

given in chapter 3) have been used to explain the Young’s modulus properties 

of PVA-PEO/POSS systems.30-34 As presented in Figure 7.7, for PPCPP3 and 

PPCOP3 system experimental Young’s modulus are found to be higher than 

the theoretical values because of the action of CMC and POSS, which 

enhance the interfacial activity of PVA and PEO. 

Einstein equation, 

)5.21(  mc EE
                                      

      (7.1) 

Where Ec and Em  are Young’s modulus of composite and polymer matrix 

respectively,    is the volume fraction of filler. 

 

Figure 7.7: Theoretical modeling of Young’s modulus of PVA-PEO/POSS 
Membranes 
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Figure 7.8 illustrates the SEM micrograph of tensile fractured surface of 

POSS incorporated PVA-PEO blend membranes. SEM image of tensile 

fractured surface of pristine PVA shows branched crack propagation and non-

linear deformation of the surface.40 Here, as illustrated in the Figure 7.8, 

PEG-POSS embedded PVA-PEO exhibit a fibrillar like structure, suggesting 

high strength and modulus while, PPCOP3 system has many interface voids. 

During tensile breaking the system leaves many holes at the interface and as a 

result nonlinear cracks produce without any preferential orientation as seen in 

SEM. 

 

 

Figure 7.8: SEM micrographs of tensile fractured (1) PPCPP3 (2) PPCOP3 

blend surfaces at (a) 10µm and (b) 2µm magnifications 

 1(a) 
 1(b) 

 2 (a)  2 (b) 
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7.2.6 Free volume studies  

The diffusion of molecule in the polymer membrane occurs by the 

permeation of molecules from one void to another present in the polymer 

chains. The voids are termed as free volume elements (FVE)/holes. The 

PALS data of PVA and PVA-PEO/POSS membranes are tabulated in Table 

7.2.  τ2 is the lifetime of free positrons trapped within the free volume defects. 

They are getting annihilated as free positrons, i.e., without forming the bound 

state positronium (Ps) and its corresponding intensity is I2. The pure poly 

(vinyl alcohol) membrane does not exhibit τ2 and I2. This strange behaviour is 

called saturation trapping and all positrons so trapped eventually form Ps and 

then get annihilated. There is no free positron annihilation within the defects. 

Two kinds of smaller and larger sized free volume defects (holes) in both 

pure PVA and PVA-PEO/POSS membranes are observed. There is no 

distinct demarcation of the size limits of the holes. Depending upon the 

respective weight percentages, smaller ones get averaged around a certain 

value and so the larger ones to a different value. Radius of free volume 

defects (R3 and R4) and fv3 are found to be improved in blend with respect to 

pure PVA. This observation can be attributed to the intervention of filler 

particle in polymer blend matrix, which in turn disturb the polymer chain 

packing resulting in increase in free volume of the membrane. Meanwhile, H-

bonding interaction between POSS especially PEG-POSS and polymer chain 

restrict the chain mobility, leading to decrease in I3 and I4. .fv4 are found to be 

higher in Octa-TMA-POSS incorporated PVA-PEO blend membrane. This 

result could be attributed to the high POSS-POSS interaction in the blend 

membrane, which creates large number of enlarged interstitial free void or o-

Ps annihilation sites. 
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Table 7.2: PALS result of PVA and POSS incorporated PVA-PEO 

membranes 

Sample 

 

τ1 
(ns)

 

τ2 

 (ns) 

τ3 

(ns) 

I3 

(%) 

I4 

 (%) 

R3 

(Å) 

R4 

(Å) 

fv3 

 (%) 

fv4  

(%) 

P0 Nil 1.208 2.026 18.77 2.70 1.97 2.88 1.00 0.45 

PPCPP3 0.390 1.349 2.315 15.98 0.90 2.16 3.13 1.12 0.36 

PPCOP3 0.397 1.463 3.361 18.00 3.52 2.31 3.87 1.55 0.75 

 

7.2.7 Gas transport properties 

Figure 7.9 depicted the gas permeability coefficient of nitrogen, oxygen and 

carbon dioxide gases and Table 7.3 summarised the CO2/O2 and CO2/N2 

selectivity of P0, PPCPP3 and PPCOP3 membranes. The free volume 

properties of the membranes and interaction between membrane and gas 

molecule are the key factors that affect the transport of gas molecule across 

the membrane. It is interesting to observe that the rigid POSS incorporated 

PVA-PEO membrane exhibited improved permeability to all gas molecule 

(O2, N2 and CO2) across the membrane. This improvement can be attributed 

to the increased radius of free volume defects of POSS doped PVA-PEO 

membranes. PVA-PEO/POSS membrane exhibits significant improvement in 

CO2 permeability and selectivity as compared with PVA. The PPCPP3 and 

PPCOP3 membrane exhibit permeability of 270 and 168 Barrer respectively, 

which is 1093 and 680% higher than the neat PVA. CO2/N2 selectivity for 

those membranes is improved significantly when compared to neat PVA, 

which is found to be 37.12 and 21 respectively. The reason behind the 

enhancement in permeability is attributed to the strong quadrupole-dipole 

interaction between ethylene oxide unit in the membrane and CO2 molecule 

(Scheme 7.1). The increased CO2 interaction sites of the membrane promote 
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increased permeance and selectivity for the blend system. It can be concluded 

that not only the variation in free volume but also the interaction or affinity of 

material towards gas molecule is also a factor that determines the transport of 

gas molecule across the membrane. 

 

Figure 7.9: Permeability coefficient of (a) nitrogen, (b) oxygen and (c) 
carbon dioxide gases through PVA and PVA-PEO/POSS 
membranes 

Table 7.3: Carbon dioxide to oxygen and carbon dioxide to nitrogen 
selectivity of PVA and POSS incorporated PVA-PEO 
membranes 

 

Sample  Permselectivity, P(CO2)/P(O2)  Permselectivity, P(CO2)/P(N2) 

P0  

PPCPP3  

PPCOP3  

0.49 

4.74 

3.64 

4.19 

38.60 

26.87 
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Scheme 7.1: The mechanism of transport of CO2 and N2 across the 
membrane. Solution-diffusion mechanism indicated by 
dashed arrow line and CO2 transport due to dipole-
quadrupole interaction represented by the solid arrow line. 

7.2.8 Pervaporation separation of THF-water azeotropic mixture 

THF form azeotrope with water at 94.7 wt%. Figure 7.10 (a & b) presented 

the permeation flux and separation factor of the THF-water azeotrope using 

PEG-POSS and Octa-TMA-POSS incorporated poly (vinyl alcohol) (PVA)-

poly (ethylene oxide) (PEO) blend membrane. Table 7.4 summarised the 

intrinsic properties such as permeance and selectivity of the POSS 

incorporated blend membranes. Compared with PVA, PPCPP3 system 

exhibits significant increase in water flux/permeance (2 fold) as well as 

separation factor/selectivity (52 fold) over pristine PVA. Similarly, PPCOP3 

system also exhibit promising flux/permeance (3.5 fold) and separation 

factor/selectivity (30 fold). The enhanced pervaporation performance of the 

PVA-PEO/POSS membrane is mainly derived from the coupled effect of 

improved hydrophilicity and free volume properties of the membrane. The 

good interaction of POSS molecule as well as hydrophilic PVA and PEO 

chains with water molecule leads to preferential sorption and diffusion of 
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water molecule across the membrane. In the membrane channel water 

molecules form hydrogen bonds. Gradient in chemical potential between 

upper and downstream side of the membrane is the basic driving force for 

these separation. It is created by the application of partial pressure difference 

between upper and lower region and is the driving force for the desorption of 

water molecule to the permeate region (Scheme 7.2).35 

 

 

Figure 7.10: (a) Permeation flux and (b) separation factor of PVA and POSS 
incorporated PVA-PEO membranesfor the separation of THF-
water azeotropic mixture. 
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Scheme 7.2: The formation of H-bond between H2O molecule in the 
membrane channel and desorption of water molecule towards 
permeate side by applying partial pressure difference 
between upper and lower region. 

As demonstrated in the PALS result, the improved free volume radius in the 

PVA-PEO/POSS membrane provided enhanced water permeance. The 

presence of crystalline region in the membrane results in reduced fractional 

free volume and number of free volume defects in the membrane (I3 and I4), 

which has a major role to enhance the selectivity. As compared with PPCPP3, 

PPCOP3 system exhibits a marginal decrease in selectivity due to the reduced 

crystalline region and POSS aggregation in the membrane. As seen in Figure 

7.11, for pure PVA, water and THF flux are found to be the same. But for 

PVA-PEO/POSS membrane water flux and total flux are in well agreement, 

which means the THF flux is negligible. It is due to the high affinity of the 

amphiphilic POSS embedded blend membrane towards water. In chapter 4, 

the PV separation of THF-water azeotropic mixture using PEG-POSS and 
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Octa-TMA-POSS incorporated PVA system is presented and maximum water 

selectivity of 1246 is observed for PVA/Octa-TMA-POSS system. However, 

for PVA-PEO/PEG-POSS membrane water selectivity is increased to 1264. 

This can be attributed to the presence of large number of hydrophilic ethylene 

oxide groups on the membrane. 

 

Figure 7.11: Component flux data of PVA and POSS incorporated PVA-
PEO membranes 

Table 7.4: Various PV separation parameters, degree of swelling and 
diffusion coefficient values of PVA-PEO/POSS membranes for 
the separation of THF−water azeotropic mixture 

Sample 
 

Enrichment 
factor 

(β) 

Pervaporation 
separation 

index 
(PSI) 

Selectivity Permeance 
(gpu) 

Degree 
of 

swelling 
(%) 

Dwater 
x105 

(cm2/s) 

DTHF 
x105 

(cm2/
s) 

P0 
 
PPCPP3 
 
PPCOP3 

9.43 
 

18.50 
 

18.24 

0.27 
 

49 
 

       47.22 

24 
 

1264 
 

718 

1015 
 

1978 
 

3595 

20 
 

26 
 

29 

6.00 
 

20.82 
 

20.96 

5.88 
 

5.28 
 
9.00 
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Table 7.4 demonstrated the enrichment factor ( ), which express separation 

efficiency of the membrane. value increased significantly in PVA-

PEO/POSS system as compared to PVA. Pervaporation separation index 

(PSI) is obtained by combining separation factor and flux, hence it reflects 

overall performance of the membrane. The improved and PSI could be 

reasonably ascribed to the high hydrophilicity of the membrane and good 

compatibility of POSS nanoparticle in the blend matrix. To assess the 

membrane affinity towards water molecule, diffusion coefficient and degree 

of swelling (DS) studies have been carried out and data are summarised in 

Table 7.4. The POSS doped blend membrane exhibited higher DS and water 

diffusion coefficient with respect to pristine PVA. This indicates the high 

affinity of the PVA-PEO/POSS membrane towards water molecule. 

7.3 Conclusion 

This chapter discussed the successful fabrication of two types of 

mechanically stable, water and CO2 selective POSS incorporated PVA-PEO 

blend membranes. As compared with pristine PVA, PEG-POSS and Octa-

TMA-POSS embedded PVA-PEO membranes exhibited 678 and 579% 

enhancement in Young's modulus as well as 134 and 137% improvement in 

tensile strength respectively. The presence of ethylene oxide functional group 

on POSS as well as PEO polymer chain in the membrane offered enhanced 

CO2 affinity to the membrane. The permeation behaviour of the synthesised 

membrane is related to the available free volume. Present study revealed the 

potential of PVA-PEO/POSS materials for the effective separation of CO2 

from CO2/N2(O2) gas mixtures. The high hydrophilicity, unique membrane 

morphology, improved free volume properties and sustained crystallinity of 

the PVA-PEO/POSS membrane provided high pervaporation separation of 

the THF-water azeotropic mixture. Thus, PVA-PEO/POSS blend membrane 

can be used as a promising material for separation process. 



Chapter 7                  Mechanical Properties and Permeation Performance of PVA-
PEO/POSS membranes 

 

 245 

7.4 References 
 

1. R. W. Baker, B. T. Low, Gas separation membrane materials: A 
perspective, Macromolecules 47 (20) (2014) 6999-7013 

2. V. S. Abhisha, V. P. Swapna, R. Stephen, Modern Trends and 
Applications of Gas Transport Through Various Polymers, Elsevier 
(2017) ISBN:9780128098851 

3. K. Nath, Membrane separation processes, (2017) Prentice Hall of 
India Private Limited, New Delhi, ISBN : 978-81-203-5291-9 

4. H. Nagasawa, N. Matsuda, M. Kanezashi, T. Yoshioka, T.T. Suru, 
Pervaporation and vapor permeation characteristics of BTESE-
derived organosilica membranes and their long-term stability in a 
high-water-content IPA/water mixture, J. Mem. Sci., 498 (2016) 336-
344 

5. S. Zekriardehani,  S. A. Jabarin, D. R. Gidley, M. R. Coleman,Effect 
of chain dynamics, crystallinity, and free volume on the barrier 
properties of poly(ethylene terephthalate) biaxially oriented films, 
Macromolecules,  50 (7) (2017) 2845-2855 

 
6. C. Rizzuto, A. Brunetti, A. Caravella, C. H. Park, Y. M. Lee, E. 

Drioli, G. Barbieri, E. Tocci, Sorption and Diffusion of CO2/N2 in 
gas mixture in thermally-rearranged polymeric membranes: 
 A molecular investigation, 528 (2017) 135-146 

 
7. L. Vane1, V. Namboodiri, G. Lin, M. Abar, F. Alvarez , Preparation 

of water-selective polybutadiene membranes and their use in drying 
alcohols by pervaporation and vapor permeation technologies, ACS 
Sus. Chem. Eng.,4 (8) (2016) 4442-4450 

 
8. W. Yave, A. Car, K. V. Peinemann, M. Q. Shaikh, K. Rätzke, F. 

Faupel, Gas permeability and free volume in poly(amide-b-ethylene 
oxide)/polyethylene glycol blend membranes, J. Mem. Sci., 339 
(2009) 177-183 

9. V. Giel, Z. Morávková, J. Peter, M. Trchová, Thermally treated 
polyaniline/polybenzimidazole blend membranes: Structural changes 
and gas transport properties, J. Mem. Sci.,537 (2017) 315-322 

10.  S. Li, X. Jiang, Q. Yang, L. Shao, Effects of amino functionalized 
polyhedral oligomeric silsesquioxanes on cross-linked poly (ethylene 



Chapter 7                  Mechanical Properties and Permeation Performance of PVA-
PEO/POSS membranes 

 

 246 

oxide) membranes for highly-efficient CO2 separation, Chem. Eng. 
Resea. Desig., 122 (2017) 280-288 

11.  D. Wu, C. Sun, P. K. Dutta, W.S. W. Ho, SO2 interference on 
separation performance of amine-containing facilitated transport 
membranes for CO2 capture from flue gas, J. Mem. Sci., 534 (2017) 
33-45 

12. H. Lin, B.D. Freeman, Materials selection guidelines for membranes 
that remove CO2 from gas mixtures, J. Mol. Stru., 739 (1–3) (2005) 
57-74. 

13. M. Kawakami, Y. Yamashita, M. Yamasaki, M. Iwamoto, S. 
Kagawa, Effects of dissolved inorganic salts on gas permeabilities of 
immobilized liquid polyethylene glycol membranes,  J. Polym. Sci., 
Polym. Lett. Ed., 20 (1982) 251-257 

14. L. M. Robeson, Polymer blends in membrane transport processes, 
Ind. Eng. Chem.Res., 49 (23) (2010) 11859-11865  

15. Y. H. Wang, K. L. Chen, C. H Xu, Y. K. Chen, Super toughened 
biobased poly(lactic acid)-epoxidized natural rubber thermoplastic 
vulcanizates: fabrication, co-continuous phase structure, interfacial in 
situ compatibilization, and toughening mechanism. J. Phys. Chem. 
B., 119 (2015)12138-12146. 

16. M. Wang, Z. Wang, N. Li, J. Liao, S. Zhao, J. Wang, S.Wang, 
Relationship between polymer-filler interfaces in separation layers 
and gas transport properties of mixed matrix composite membranes, 
J. Mem. Sci., 495 (2015) 252-268 

17. J. Lee, D. Bhattacharyya, A. J. Easteal, J. B. Metson, Properties of 
nano-ZnO/poly(vinyl alcohol)/poly(ethylene oxide) composite thin 
films, Curr. Appli. Phy., 8 (2008) 42-47 

18. S. Y. Hu, Y. Zhang, D. Lawless, X. Feng, Composite membranes 
comprising of polyvinylamine-poly(vinyl alcohol) incorporated with 
carbon nanotubes for dehydration of ethylene glycol by 
pervaporation, J. Mem. Sci., 417–418(2012) 34-44 

19. S. Li, X. Jiang, Q. Yang, L. Shao, Effects of amino functionalized 
polyhedral oligomeric silsesquioxanes on cross-linked poly (ethylene 
oxide) membranes for highly-efficient CO2 separation, Chem. Eng. 
Resea. Design., 122 (2017) 280-288 



Chapter 7                  Mechanical Properties and Permeation Performance of PVA-
PEO/POSS membranes 

 

 247 

20. V. P. Swapna, P. Selvin Thomas, K. I Suresh, V. Saranya, M. P 
Rahana, R. Stephen, Thermal properties of poly (vinyl alcohol) 
(PVA)/halloysite nanotubes reinforced nanocomposites, Int. J. Plast. 
Technol.,19 (2015) 124-136 

21. R. J. Sengwa, S. Choudhary, S. Sankhila, dielectric properties of clay 
filled poly(vinyl alcohol)/poly(ethylene oxide) blend composites, 
Compos.Sci.Tech.,70 (2010)1621-1627 

22. H. Wang, X. Yang, Z. Fu, X. Zhao, Y. Li,  J. Li, Rheology of 
nanosilica-compatibilized immiscible polymer blends: formation of 
a“heterogeneous network” facilitated by interfacially anchored 
hybrid nanosilica, Macromolecules 50 (2017) (23) 9494-9506 

23. M. R. Dilshad, A. Islam, A. Sabir, M. Shafiq, M.T. Z. Butt, A. Ijaz, 
T. Jamil, Fabrication and performance characterization of novel zinc 
oxide filled cross-linked PVA/PEG 600 blended membranes for 
CO2/N2 separation, J. Ind. Eng. Chem., 55 (2017) 65-73 

24. F. Clegg, C. Breen, Khairuddin, Synergistic and competitive aspects 
of the adsorption of poly(ethylene glycol) and poly(vinyl alcohol) 
onto NA-bentonite, J. Phys. Chem. B.,118 (46) (2014)13268-13278 

25. X. You,T. Ma, Y. Su, H. Wu, M. Wu, H. Cai, G.Sun, Z. Jiang, 
Enhancing the permeation  flux and antifouling performance of 
polyamide nanofiltration membrane by incorporation of PEG-POSS 
nanoparticles,J. Mem. Sci., 540 (2017) 454-463 

26. V.P. Swapna, R. Stephen, T. Greeshma, C.S. Dev, M.S. Sreekala, 
Mechanical and swelling behavior of green nanocomposites of 
natural rubber latex and tubular halloysite nano clay, Poly. Compos., 
37 (2016) 602-611  

27. E.S. Lee, D. Lei, K. Devarayan, B. S. Kim, High strength poly(vinyl 
alcohol)/poly(acrylic acid) cross-linked nanofibrous hybrid 
composites incorporating nanohybrid POSS, Compos. Sci. Tech., 110 
(2015) 111-117 

28. H. D. Huang, P.G. Ren, J. Chen, W. Q. Zhang, X. Ji, Z. M. Li, High 
barrier graphene oxide nanosheet/poly(vinyl alcohol) nanocomposite 
films, J. Mem. Sci., 409-410 (2012)156-163 

29. B. Gupta, R. Agarwal, M. S. Alam, Preparation and characterization 
of polyvinyl alcohol-polyethylene oxide-carboxy methyl cellulose 
blend membranes, J. App. Poly. Sci.,127 (2012) 1301-1308 



Chapter 7                  Mechanical Properties and Permeation Performance of PVA-
PEO/POSS membranes 

 

 248 

30. A. Einstein,Eineneue Bestimmung der Moleküldimensionen,  Ann. d. 
Physik 19, 289  34 (1906) 591(1911) 

31. S. Ahmed, F.R Jones. A review of particulate reinforcement theories 
for polymer Composites. J. Mater Sci., 25(12) (1990) 4933-4942. 

32. N. A. Frankel, A. Acrivos. On the viscosity of a concentrated 
suspension of solid spheres. Chem. Eng. Sci., 22(6)(1967)847-853 

33. Y. Dong, D. Chaudhary, C. Ploumis, K. T.Lau, Correlation of 
mechanical performance and morphological structures of epoxy 
micro/nanoparticulate composites, Compos. Part A., 42 (2011) 1483-
1492 

34. Y. Zare, A. Daraei, M. Vatani, P. Aghasafari, An analysis of 
interfacial adhesion in nanocomposites from recycled polymers. 
Comput. Mater. Sci., 81 (2014) 612-616 

35. H. Takaba, Molecular simulation of pressure-driven fluid flow in 
nanoporous membranes, J. Chem. Phys., 127 (2007) 054703 



Chapter 8 

Thermal and Water Stability of PVA/POSS, 
PVA/m-POSS and PVA-PEO/POSS Systems 

 

Summary 

Thermal and water stability of the fabricated PVA/POSS, PVA/m-POSS and 
PVA-PEO/POSS membranes were investigated. Among the different 
membranes, PVA-PEO/POSS and crosslinked PVA/POSS systems exhibited 
excellent improvement in thermal stability at lower loading of POSS as 
compared to pure PVA and uncrosslinked PVA/POSS systems. 
Uncrosslinked PVA and PVA/POSS systems exhibited mainly two 
degradation steps. But in the crosslinked PVA/POSS system more 
degradation steps were observed, due to the formation of 3-dimentional 
network structure in the polymer. Activation energy for degradation was 
calculated from Horowitz–Metzger plot. The mechanical stability of 
PVA/POSS and PVA-PEO/POSS systems at hydrated state were analysed 
and observed a remarkable stability even in the wet condition. 
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8.1 Introduction 

Hybrid organic-inorganic materials show remarkable properties such as ease 

in processability, improved mechanical properties as well as enhanced 

chemical and thermal stability.1-3 Polyhedral oligomeric silsesquioxane 

(POSS) is one of the most versatile examples for inorganic nanobuilding 

block for the preparation of high performance hybrid polymers. POSS itself 

possess hybrid nanomaterial architecture containing robust siliceous 

inorganic core surrounded by large variety of peripheral organic groups at the 

Si vertices. The molecule possesses many advantages such as excellent 

thermal, mechanical, optical and electrical properties due to its rigid silicon-

oxygen cores and nanoscopic dimension. The versatile functional groups in 

the POSS can promote miscibility with organic hosts and solubility in 

solvents.4-10 The POSS nanofiller has three dimensional cage like structure 

with the chemical formula (RSiO1.5)n and is approximately 1-3 nm in 

diameter. Octahedral POSS with formula (RSiO1.5)8 is investigated as the 

most common variety of POSS. The possibility for the fine tuning of the 

functional groups and the presence of organic components makes the material 

more compatible and dispersible in the polymer matrix. The nanosized POSS 

molecules can be incorporated into common polymeric architecture either 

thorough physical blending or by chemical copolymerisation. The POSS 

reinforcement have often show a remarkable improvement in properties of 

polymers such as thermal stability, flammability resistance, oxidation 

resistance, mechanical and gas barrier properties.11-17 Recently, Yang et al. 

obtained excellent thermal stability for poly(dimethyl siloxane) by 

incorporating octa-vinyl POSS.18 

Poly(vinyl alcohol) (PVA) and poly(ethylene oxide) (PEO) are water soluble, 

biodegradable, biocompatible and nontoxic synthetic polymers.19-21 The 
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thermal stability of PVA play a vital role in processing of PVA based 

products since it undergoes degradation at high temperature.22-23 Considering 

the wide applications of PVA due to its non-toxic nature, many researchers 

carried out various modifications to achieve high thermal stability for PVA.24-

26 From the reported literature, it is found that mechanical and thermal 

stability as well as hydrophilicity of PVA can be modified by the addition of 

rigid nanofillers.27- 28 Dong et al. reported that the thermal stability of PVA 

enhanced significantly by the incorporation of graphene nanofiller and poly 

(1-vinyl-3-ethyl-imidazolium bromide) compatibiliser.29 

This chapter deals with the thermal degradation studies of POSS incorporated 

PVA and PVA-PEO membranes. The effect of crosslinking, nature of 

functional groups on POSS molecule and cetyltrimethylammonium 

modification of POSS (CTA modified Octa-TMA) on the thermal 

degradation of PVA and PVA-PEO membranes are investigated and 

presented in detail. 

8.2 Results and discussion 

8.2.1 Thermo gravimetric analysis (TGA) 

8.2.1.1 POSS molecules 

Thermogravimetric analysis of organically modified POSS systems provide 

information about the quantity of organic groups attached to the POSS core. 

In POSS molecule, the inner cage is fabricated by intrinsically strong 

siloxane linkages (Si-O bond energy = 444 kJmol-1), which is very stiff and 

inert because of the strong overlapping of two lone pair electrons on the 

oxygen and vacant d orbital of Si. The siloxane cages exhibit superior 

hydrophobic behaviour and does not participate in any interactions with other 

molecules because of the absence of free O-H groups on the core.  According 
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to the molecular weight (5576.6 g/mol) and structure of PEG-POSS (Figure 

8.1), approximately 92wt% of PEG-POSS consist of poly(ethyleneglycol). As 

shown in Figure 8.2, PEG-POSS undergoes 92% mass loss in the 

temperature range 100-500oC and 8% weight retention at 700oC. These 

thermal decomposition data revealed that PEG-POSS is functionalised with 

approx. 92wt% poly(ethylene glycol), which degraded between 100-700oC. 

The rigid and inert centre core of the POSS as well as some carbonaceous 

materials are responsible for the residual mass, which is in accordance with 

the calculated value based on the structure. In the case of anionic Octa-TMA-

POSS, the weight percentage of octa(tetramethylammonium) surrounding the 

POSS was approx. 60wt%. As presented in Figure 8.2, 39% of weight 

retention can be observed for Octa-TMA-POSS at 450oC. Octa-TMA around 

the POSS core has been completely decomposed at 450oC, which is also in 

accordance with the calculation made from the structure (Figure 8.1). 

Thermogram of CTAB modified Octa-TMA-POSS (m-POSS, Figure 8.1) 

presented in Figure 8.2, which shows that the degradation begins at higher 

temperature and the yield of residue observed to be higher as compared with 

Octa-TMA-POSS. It indicates the high thermal stability of m-POSS as 

compared with Octa-TMA POSS, which is caused by the strong attachment 

of cetyltrimethylammonium (CTA) group to the siloxane core by electrostatic 

interaction. 

 
Figure 8.1: Structure of POSS with different functional group on the siloxane 

core 
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Figure 8.2: Thermogram of PEG-POSS, Octa-TMA-POSS and m-POSS 

8.2.1.2 PVA/POSS systems  

An insight into the thermal stability of polymers has an important role in 

regulating the processing conditions and applications. The thermal 

degradation mechanism of PVA is presented in Figure 8.3.30 As seen in 

Figure 8.3, two major decomposition stages for pure PVA, which is 

represented by the two distinct mass changes with temperature is seen in the 

thermogram. In the temperature range 140-170°C a slight change in weight 

can be seen , which is associated with the evaporation of some low molecular 

weight components in the PVA. The weight loss in this region is nearly 4% 
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and is not regarded as the degradation reaction of the polymer chain. The 

temperature at which a minimum of 10% of mass loss take place is considered 

to be the onset of degradation in macromolecules.31 The first stage principal 

thermal degradation of PVA takes place in the temperature range 215-350oC 

corresponding to the elimination reaction of the acetate group residue persist 

in the PVA chain due to incomplete hydrolysis. The second stage weight loss 

is observed in the temperature range 380-460oC, which mainly involves the 

degradation of carbonaceous materials such as polyene formed in first 

degradation step to yield carbon and hydrocarbon mixture. 

Figure 8.4 (a-d) presented the TGA-DTG plots of PVA/PEG-POSS and 

PVA/Octa-TMA-POSS systems and the data for major weight loss regions are 

shown in Table 8.1. It is evident in Figure 8.4 (a-b), the first and second 

stage degradation temperature of PVA/PEG-POSS systems are shifted to 

higher temperatures as compared with neat PVA, indicating increased 

degradation resistance of PVA system in the presence of low molecular 

weight PEG functionalised POSS. This suppression of thermal decomposition 

is due to the good interaction including H-bonding between organic PEG part 

of POSS and PVA chain. Moreover, the inorganic core of POSS possess high 

thermal stability, which can act as barrier for quick transmittance of heat and 

thereby minimise the continuous degradation of the PVA/PEG-POSS system. 

Schematic representation for the barrier effect of rigid core of POSS is shown 

in Scheme 8.1. As shown in Figure 8.4 (c-d), PVA/Octa-TMA-POSS system 

exhibits lower thermal degradation stability as compared to PVA. It is caused 

by the lower degradation temperature of Octa-TMA group on the POSS. The 

surfactant nature of Octa-TMA-POSS leads to clustering of molecules at 

higher loading which inturn reduces the thermal stability of the membrane 

(Scheme 8.2). 
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Figure 8.3: Thermograms (TGA) and differential thermograms (DTG) of 
PVA 
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Figure 8.4: Thermograms and differential thermograms of PVA/POSS systems 

 

Table 8.1: Effect of filler loading on the thermal degradation of PVA/POSS 
systems 

Sample T4% (
oC) Tmax1(

oC) Tmax2(
oC) 

P0 

PPP1 

PPP3 

POTP1 

POTP3 

154 

167 

155 

162 

157 

300 

343 

340 

297 

287 

436 

437 

437 

435 

434 
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Scheme 8.1: Schematic representation showing the barrier effect of rigid 

siloxane core of the POSS 

 
Scheme 8.2: Clustering behaviour of  Octa-TMA-POSS in PVA/Octa-TMA-

POSS system 

8.2.1.3 Crosslinked PVA/POSS systems 

Figure 8.5 and Table 8.2 demonstrates the effect of POSS on the thermal 

degradation property of the crosslinked PVA system. Schematic 

representation of the fabrication of crosslinked PVA/POSS membranes are 

presented in Scheme 8.3. The crosslinking of PVA with glutardehyde shows 

no significant changes in its characteristic degradation temperature (Figure 

8.5 (a)). However, a significant change in degradation mechanism can be 

observed when POSS is incorporated in the crosslinked PVA. Presence of 

crosslinking in the PVA/POSS system reduce the mobility of PVA chains 

significantly. Consequently, high thermal energy is required for the cleavage 

of strongly crosslinked network. Crosslinked system exhibited considerably 

different multi-stage degradation process with new degradation steps as 

compared with pure PVA. This can be attributed to the presence of new 

interfacial interactions as well as the construction of 3-dimentional network 

structure in the polymer. 



Chapter 8                         Thermal and Water stability of PVA/POSS, PVA/m-POSS 
and PVA-PEO/POSS Systems 

 

 258 

 

Scheme 8.3: Schematic diagram of crosslinked PVA/POSS system 

It is interesting to observe that in the DTG plot of PEG-POSS embedded 

crosslinked PVA system (Figure 8.5(b)), a new minor peak is located at 

289oC (T7%) and which is absent in pure PVA or PPP1 system. Moreover, the 

first major degradation temperature of PGP1 sharply increased from 300 to 

356oC, which is about 56oC higher than that of pure PVA. This improvement 

in degradation resistance and presence of new degradation step can be 

attributed to the presence of highly crosslinked network in the PVA matrix 

and improved interfacial interaction between crosslinked PVA with PEG-

POSS. The second stage degradation temperature of PGP1 is increased by 

83oC. This degradation is associated with the breakage of the PVA chain to 

carbon and hydrocarbons as well as acetal crosslinked network fraction 

present in the membrane. 

Table 8.2: Effect of filler loading on the thermal degradation of crosslinked 
PVA/POSS systems 

 

 

Sample T4% 

(oC) 

Tmax1 

(oC) 
Tmax2 

(oC) 
PG 

PGP1 
PGO1 

156 
148 
161 

287 
356 
369 

435 
443 
519 
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Figure 8.5 (a-c): Thermograms and differential thermograms of crosslinked 

PVA and crosslinked PVA/POSS systems 

Crosslinked PVA/Octa-TMA-POSS system shows different thermal 

degradation behaviour as compared to PG and PGP1, which is presented in 
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Figure 8.5 (c). It can be attributed to the formation of high heat resistant 

three dimensional crosslinked network structure in polymer, which enhances 

the interfacial interaction between the chains and decreases the flexibility of 

the chains. Additional peaks observed for PGO1 at 196 and 438oC are 

associated with the breakage of crosslinked small network fragments 

confined in POSS particle surface and between the PVA chains. As evident 

from the thermogram, the first and second principal decomposition peak of 

PGO1 increased significantly (300 to 369oC and 436 to 519oC) due to the 

presence of highly crosslinked chains and the rigid inert core of POSS. 

8.2.1.4 PVA/m-POSS systems 

The influence of m-POSS on the thermal degradation of glutaraldehyde 

crosslinked PVA are investigated through TGA analysis. TGA-DTG curves 

of PVA/m-POSS are presented in Figure 8.6 and the data for relevant weight 

loss regions are shown in Table 8.3. It is interesting to observe that the 

introduction of m-POSS and GLA crosslinking enhance the thermal 

degradation stability of PVA matrix significantly, which indicates the 

existence of new interfacial interaction such as ion-dipole interaction. As 

compared with pure PVA, PVA/m-POSS system shows a new peak at 442oC 

with 9.5wt% weight loss, which is assigned to the thermal degradation of 

cetyltrimethylammonium group of POSS and the crosslinking networks 

present in the membrane. The first and second stage principal degradation 

temperature of POCPG1 is found to be increased by 67 and 128oC 

respectively as compared to that of crosslinked PVA, which is probably 

associated with the presence of strong crosslinking networks and good 

interfacial adhesion of m-POSS within the PVA matrix, which restrict the 

mobility of PVA chains. The long and high molecular weight alkyl chains in 
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the m-POSS provide CH2
_CH2 interaction that enhances greater 

intermolecular forces between chains.  

 

 

Figure 8.6: (a) Thermograms and (b) differential thermograms of PVA/m-
POSS systems 
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Table 8.3: Effect of filler loading on the thermal degradation of PVA/m-
POSS systems 

Sample T4% 

(oC) 

Tmax1 

(oC) 
T9.5% 

(oC) 
Tmax2 

(oC) 
PCOPG1 
PCOPG3 
PCOPG5 

144 
124 
156 

354 
352 
298 

442 
448 
443 

563 
525 
497 

 

8.2.1.5 PVA-PEO/POSS systems 

The effect of PEG-POSS and Octa-TMA-POSS on the thermal degradation of 

PVA-PEO blend systems are analysed and presented in Figure 8.7 and Table 

8.4. A single-stage decomposition can be observed for PEO through random 

scission of the chain links.32 The degradation behaviour of PVA-PEO/POSS 

system is found to be very different from the PVA and PEO due to the H-

bonding interaction between PVA and PEO promoted by POSS at the 

interface. The role of CMC in the blend system is to improve the interfacial 

interaction between PVA and PEO. As compared with PVA, PVA-

PEO/POSS system exhibits one new decomposition step at 419oC which 

could be attributed to the good interfacial interaction between PVA and PEO 

with the help of POSS and CMC. Tmax1 and Tmax2 of PPCPP3 is increased by 

29 and 45oC and that of PPCOP3 by 27 and 79oC respectively, suggesting the 

interaction of PVA-PEO at the interface in the presence of CMC and POSS 

molecule. 

Table 8.4: Effect of filler loading on the thermal degradation of PVA and 
PVA-PEO/POSS systems 

Sample T4% (
oC) Tmax1 (

oC) T14% (
oC) 

 
Tmax2 (

oC) 

P0 
PPCPP3 
PPCOP3 

154 
156 
156 

300 
329 
327 

- 
419 
426 

437 
482 
516 
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Figure 8.7:  (a) Thermograms and (b) differential thermograms (DTG) of 
PVA, PEO (inset) and PVA-PEO/POSS systems 



Chapter 8                         Thermal and Water stability of PVA/POSS, PVA/m-POSS 
and PVA-PEO/POSS Systems 

 

 264 

8.2.6 Analysis of residue of  all systems 

The residue remaining after degradation process of the POSS incorporated 

crosslinked PVA system at 550oC are found to be higher than PVA and are 

shown in Figure 8.8. For pure PVA only 0.879% weight of residue is 

remaining at 550oC. PEG-POSS and Octa-TMA-POSS incoprated PVA 

system shows almost similar weight loss as of pure PVA. But on 

crosslinking, pure PVA and PVA/POSS system show a significant 

enhancement in residue, which is due to the presence of acetal crosslinking 

network in the membrane, which reduces the flexibility and degradation of 

PVA chains. The mass of residue of Octa-TMA-POSS doped PVA-PEO 

system is found to be maximum (18.58%) as compared with all other systems 

due to the modification of interface of PVA-PEO with rigid POSS and CMC 

molecules.  

 

Figure 8.8: Residue (%) of all the membranes at 550oC 
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8.2.7 Activation energy for thermal degradation 

Activation energy for the first stage principal degradation of all POSS 

incorporated PVA and PVA-PEO systems are analyzed by the Horowitz and 

Metzger (HM) integral method and its equation is given below.33 

    max
2/

1
1lnln RTEa 
                             

(8.1) 

where  is the degraded weight fraction ie,  = wi-wT/wi-wf, where wi is the 

weight at initial temperature, wf is the weight at final temperature and wT the 

weight at temperature chosen, Ea is the activation energy, R is the universal 

gas constant, T is the temperature at maximum rate of  

weight loss and is taken as Tmax and  is T-Tmax.  Activation energy, Ea can be 

calculated from the slope of the plot of 
















1

1
lnln versus , where slope 

= max
2/ RTEa . 

Horowitz–Metzger plots of PVA/POSS systems and their activation energy 

for degradation is calculated from the slope of the plot and are displayed in 

Figure 8.9 (a-b). The PVA/PEG-POSS system showed higher activation 

energy than pure PVA. This can be attributed to the good interfacial 

interaction and homogeneous distribution of  POSS, which restrict the 

mobility of PVA chains which leads to the increase in the degradation 

stability. The increase in Ea implies that more energy is required for the stage 

1 degradation, which in turn indicates an enhancement in thermal stability of 

the composite. In the case of Octa-TMA-POSS incorporated PVA, Ea is less 

than pure PVA due to the lower thermal stability of anionic 

octa(tetramethylammonium)-side group on POSS. 
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Figure 8.9(a-b): Kinetic plots of activation energy (Ea) for degradation of 
PVA/POSS system. R in the inset of the graph indicates 
the regression of the linear plot. 
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Figure 8.10: Kinetic plots of activation energy for degradation of crosslinked 

PVA/POSS system 

 Activation energy increased significantly upon the introduction of PEG-POSS 

and Octa-TMA-POSS molecules in crosslinked PVA matrix, which is illustrated in 

Figure 8.10. This can be attributed in terms of the formation of highly stable 

new 3-dimensional network structure in the polymer.   

 

Figure 8.11: Kinetic plots of activation energy for degradation of PVA/m-

POSS system 
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Interesting results are obtained upon the introduction of m-POSS in the crosslinked 

PVA. Among the various PVA/POSS systems presented, the 1wt% m-POSS 

embedded crosslinked PVA system shows the maximum activation energy for 

the degradation, it is evident from Figure 8.11. This can be explained in terms 

of the good interfacial interaction of m-POSS and PVA chains. 

 

Figure 8.12: Kinetic plots of activation energy for degradation of  PVA-

PEO/POSS system 

Figure 8.12 illustrated the activation energy for degradation of PVA-

PEO/POSS system. The significant improvement in  activation energy  is 

observed in the PVA-PEO/POSS systems as compared with pure PVA, which 

could be attributed to the modified interface of PVA by blending with PEO 

through H- bonding interaction supported by the CMC and POSS molecule. 

8.2.8 Mechanical properties in the hydrated state 

The mechanical properties of pristine PVA and PVA-POSS systems in the 

hydrated state are investigated and presented in the Figure 8.13. In the 

hydrated state, PVA can strongly interact with water molecule through H-
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bonding. Thus PVA undergoes swelling and plasticization resulting in very 

poor tensile strength. Interestingly, the introduction of POSS molecule in 

PVA matrix made significant improvement in its wet tensile strength. Water 

content on the sample has large effect not only on the dispersibility of POSS 

but also on the interaction of POSS with the PVA matrix. The reason for the 

good mechanical performance of PVA/POSS systems might be the dominant 

matrix-filler interaction over the composite-water interaction. Moreover, in 

POSS molecule the inner cage is fabricated by intrinsically strong and 

hydrophobic siloxane linkages, which also contribute significantly to the 

strength of the PVA membranes. CTAB modified POSS introduced PVA 

membrane exhibit maximum improvement (2.5 times higher than neat PVA) 

in tensile strength due to its well dispersion in the PVA matrix and the CH2-

CH2 interaction of long alkyl tail of the m-POSS molecule with the PVA 

chains. From the results, it is revealed that the PVA/POSS membranes 

possess mechanical stability in an appreciable level even in the hydrated 

state. 

 
Figure 8.13: Tensile strength of PVA/POSS samples at hydrated state  
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      Figure 8.14:  SEM images of the tensile fractured surface of different 
PVA/POSS systems at hydrated state 

 

P0 PPP1 

POTP1 

PGO1 POCPG1 
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SEM images of tensile fractured surfaces of wet samples are taken and are 

presented in Figure 8.14. The red arrows in the micrograph indicate the 

direction of crack propagation. The hydrated PVA exhibit linear crack 

propagation. The crack propagation of hydrated PEG-POSS embedded PVA 

samples are found to be similar as that of hydrated PVA, it exhibit a slight 

nonlinear crack propagation due to the presence of oligomeric PEG 

functional group in the membrane. Fibrillar like morphology is observed in 

Octa-TMA-POSS and m-POSS doped PVA membrane due to the dominant 

rigid siloxane core of the POSS, which restrict the crack propagation and the 

strength of the membrane increases. In the case of Octa-TMA-POSS 

introduced crosslinked PVA membrane, nonlinear crack propagation is 

observed, which suggest the high strength of the PGO1 membrane. 

8.3 Conclusions 

Thermo gravimetric analysis was carried out to get an insight into the effect 

of various POSS particles on the thermal degradation stability of PVA 

membrane. PEG, Octa-TMA- and cetyltrimethyl ammonium (CTA) 

functionalised POSS were selected for the present study. The findings 

revealed that PVA-PEO and crosslinked PVA system exhibited high thermal 

degradation stability upon the addition of minimum amount of POSS 

molecule with respect to unfilled PVA. introduction of Octa-TMA-POSS 

reduced the thermal stability of pure PVA while its introduction on 

crosslinked PVA enhanced the thermal stability significantly. As compared to 

uncrosslinked system, crosslinked PVA/POSS system showed more 

degradation stability due to the formation of three dimensional network 

structure. Activation energy for the degradation of PVA/POSS and PVA-

PEO/POSS systems were found to be higher than the pure PVA. Tensile 

studies of hydrated samples suggested the stability of POSS embedded PVA 

and PVA-PEO membranes even in the hydrated state to an appreciable level. 
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Chapter 9 

Conclusions And Future Outlook 

 

Poly (vinyl alcohol) (PVA) and poly(ethylene oxide) (PEO) are widely 

utilised in the separation process due to their water solubility, 

biodegradability, nontoxicity, gas permeability, thermal properties and 

ability to form strong H-bonds with various additives. The major 

challenge in the fabrication of PVA based membrane for separation 

process is to reduce its swelling behaviour in water and to enhance the 

separation performance. Incorporation of inorganic moieties in organic 

polymer membranes is found to be a highly successful strategy to produce 

advanced material with remarkable mechanical and transport properties. 

Polyhedral oligomeric silsesquioxane (POSS) is a cage-shaped hybrid 

organic-inorganic molecule with the chemical formula (RSiO1.5)n, 

consisting of well-defined rigid siloxane core and peripheral organic 

groups (R). This hybrid material can contribute excellent mechanical 

stability and separation property to polymers. The rigid silica core imparts 

enhanced mechanical strength and thermal stability while the versatile and 

adjustable outer functional groups provide good compatibilisation with 

polymers.  

In this thesis, we presented different strategies for the fabrication of 

mechanically and thermally stable polyhedral oligomeric silsesquioxane 

(POSS) embedded poly (vinyl alcohol) (PVA) membranes with excellent 

permeation properties through solution casting method. Mainly three 

systems were prepared using various functionalised POSS: (i) PVA/PEG-

POSS and PVA/Octa-TMA-POSS, (ii) chemically crosslinked PVA/m-

POSS and (iii) PVA-PEO/PEG-POSS and PVA-PEO/Octa-TMA-POSS. 
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The membranes were well characterised by FTIR, XRD, DSC, SEM, 

TEM, AFM, contact angle measurements and PALS. Influence of POSS 

on the crystallinity, free volume, mechanical, dynamic mechanical, 

permeation and thermal properties of PVA and PVA-PEO membranes 

were analysed and discussed in detail with respect to the functional groups 

and weight percentage of POSS.  

9.1 PVA/PEG-POSS and Octa-TMA-POSS systems 

In chapter 3, FTIR results revealed the hydrogen bonding interaction 

between PVA and PEG-POSS. Crystallinity of the systems were estimated 

from XRD and DSC measurements, it was observed that the crystallinity 

of  PVA/Octa-TMA-POSS system gets improved as compared with pure 

PVA. PVA/PEG-POSS system exhibited good ductility and toughness due 

to the presence of eight flexible PEG tails on the siloxane core of POSS. 

However, Octa-TMA-POSS incorporated  PVA system showed excellent 

tensile strength and modulus due to the presence of dominant rigid three-

dimensional inorganic core in the POSS. The increased hydrophilicity of 

both systems as compared with pure PVA were confirmed from contact 

angle studies. The viscoelastic property of PVA/Octa-TMA-POSS system 

at higher concentration of Octa-TMA-POSS is remarkable, which 

exhibited higher storage modulus and glass transition temperature due to 

the presence of rigid inorganic silsesquioxane core in the PVA matrix. 

The damping behaviour of PVA membrane increased in the presence of 

POSS particles. 

In Chapter 4, the effect of PEG-POSS and Octa-TMA-POSS on the 

pervaporation (PV) separation performance of PVA was presented and 

discussed in detail. These membranes achieved excellent water selectivity 

and permeance during the PV separation of THF-water azeotropic mixture 
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by overcoming the limitations of trade-off effects in membrane based 

separation. The presence of hydrophilic functional group on the POSS 

improved the hydrophilicity of the membrane and produced more binding 

sites for water molecule in the membrane. As compared with pure PVA, 

PEG-POSS and Octa-TMA-POSS introduced PVA showed remarkable 

increase in selectivity.  

Gas transport behaviour of  PVA/PEG-POSS and PVA/Octa-TMA-POSS 

membranes were analysed using N2, O2 and CO2 gases and is presented in 

chapter 6. PVA/PEG-POSS membranes showed remarkable improvement 

in CO2 permeability and selectivity because of the plasticizing action of 

flexible low molecular weight PEG group on the POSS situated between 

PVA chains and high dipole-quadrupolar interaction of CO2 molecules 

with ethylene oxide groups present in the membrane. Introduction of 

Octa-TMA-POSS reduced the O2 and N2 permeabilty of the PVA 

membrane due to the improved crystallinity of PVA/Octa-TMA-POSS 

system as compared with pure PVA. PALS confirms the significant 

improvement in polymer free volume in PVA/POSS systems. TGA 

analysis of  membranes were presented in chapter 9. It has been found that 

PEG-POSS improves the thermal degradation stability of  PVA due to the 

high thermal stability of rigid inorganic core of POSS. While introduction 

of Octa-TMA-POSS reduced  the thermal degradation stability 

significantly due to the lower degradation temperature of Octa-TMA 

group on the POSS. 

9.2 PVA/m-POSS system 

In this system, two types of chemical modification was adopted for the 

fabrication of PVA/POSS membrane: (i) chemical crosslinking of PVA 

using glutaraldehyde and (ii) chemical modification of Octa-TMA-POSS 

using cetyltrimethylammonium bromide (CTAB). Chacterisation, 

mechanical and pervaporation properties of PVA/m-POSS were presented 
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in Chapter 5. The successful modification of Octa-TMA-POSS by CTAB 

(m-POSS) was confirmed from FTIR and NMR analysis. m-POSS 

introduced  crosslinked PVA membrane exhibited excellent mechanical 

property and pervaporation performance for the separation of IPA-water 

azeotropic mixture. The introduction of m-POSS increased the 

hydrophilicity of the crosslinked PVA. Enhanced wettability observed in 

the presence of cetyltrimethylammonium group on the POSS due to its 

amphiphilic nature. Tensile strength and Young’s modulus of PVA matrix 

was increased significantly at  higher weight percentage of m-POSS. The 

introduction of CTAB modified Octa-TMA-POSS in the crosslinked PVA 

was found to be an effective method to achieve excellent mechanical 

performance for PVA membrane. The fabricated crosslinked PVA/m-

POSS system showed excellent pervaporation performance for the 

separation of isopropanol (IPA)-water azeotropic mixture. The 

membranes exhibited excellent water selectivity and permeance at lower 

loading of  POSS. The influence of m-POSS on the permeability of N2, O2 

and CO2 molecules in  crosslinked PVA membrane has been examined 

and presented in chapter 6. Increased CO2 permeability and CO2/N2(O2) 

selectivity of PVA in the presence of m-POSS molecule has been 

observed due to the high affinity of anionic POSS towards polar CO2 

molecule. Another interesting observation was the high gas permeability 

of 3 wt% m-POSS incorporated  crosslinked PVA membrane owing to the 

significant increase in free volume defects in the membrane. The system 

achieved excellent improvement in thermal degradation stability and 

mechanical stability in hydrated state due to the presence of rigid siloxane 

core of the POSS and the CH2-CH2 interaction of long alkyl tail of the m-

POSS molecule with the PVA chains (chapter 8). 
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9.3 PVA-PEO/PEG-POSS and Octa-TMA-POSS systems 

The fabricated PVA-PEO/POSS membranes exhibited excellent 

azeotropic mixture (THF-water) separation and CO2 separation (CO2/N2 

and CO2/O2 gas mixtures) properties by overcoming the limitations of 

trade-off effects in membrane based separation. PVA-PEO/POSS 

membranes exhibited higher CO2 permeance and selectivity, which can be 

attributed to the improved free volume properties and dipole-quadrupole 

interaction between CO2 and ethylene oxide (polar ether oxygen) group on 

POSS as well as PEO polymer chain. Factors such as high hydrophilicity, 

increased roughness, improved free volume and sustained crystallinity of 

the PVA-PEO/POSS membranes contributed to the excellent separation 

performance of liquid and gas mixtures. As evident from the results 

presented in chapter 7, PVA-PEO/POSS membranes exhibited excellent 

mechanical properties in the presence of CMC and POSS. The interfacial 

activity of the PVA-PEO system enhanced in the presence of CMC. 

Moreover, thermal stability and hydrated state mechanical stability of 

PVA-PEO membrane also get improved to a great extent through the 

incorporation of nanostructured POSS molecules.  

9.4 Mechanical stability and permeation properties- A comparison  

Table 9.1: The percentage of water separation attained from THF-water 

azeotropic mixture by the membranes 

Membranes % of water separation 
attained from 

THF–water azeotropic 
mixture 

P0 
PPP3 

POTP3 
PPCPP3 
PPCOP3 

50 
97 
98 

98.1 
96.7 
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Table 9.2: The percentage of water separation attained from IPA-water 
azeotropic mixture by PVA/m-POSS membrane 

Membrane % of water separation attained 
from 

IPA-water  azeotropic mixture 

PG 

POCPG1 

72 

93 

 

Table 9.3: CO2 permeability and CO2/N2(O2) selectivity data of 
PVA/POSS and PVA-PEO/POSS membranes 

Membranes 
CO2 

permeability 
(Barrer) 

CO2/N2 
selectivity 

CO2/O2 
selectivity 

PVA 24 4.19 0.49 

PVA/PEG-POSS 110 14.82 1.97 

PVA/Octa-TMA-POSS 54 10.57 1.17 

Crosslinked PVA/m-POSS 61 11.54 1.31 

PVA-PEO/PEG-POSS 270 38.60 4.74 

PVA-PEO/Octa-TMA-
POSS 

 
215 

 
26.87 

       
      3.64 

 

Table 9.4: Tensile strength and Young’s modulus data of all systems 

Membranes Tensile strength 
(MPa) 

Young’s modulus 
(MPa) 

PVA 35±4 198±5.8 

PVA/Octa-TMA-POSS 43±1 637±5.3 

PVA/m-POSS 57±3 1169±5.1 

PVA-PEO/PEG-POSS 47±4 1342±6 

PVA-PEO/Octa-TMA-POSS 48±4 1146±5 
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9.5  Future Aspects 

 Synthesis of various organically functionalised POSS molecules 

to make the membrane more cost effective.  

 The PVA/POSS and PVA-PEO/POSS membranes exhibited 

excellent separation properties for various gases as well as 

azeotropic mixtures. Also, these membranes possess remarkable 

mechanical and thermal stability when compared to neat PVA. 

Therefore, the commercial application of membrane in separation 

process is yet to be explored. 

 Antimicrobial activity and biodegradation of the membranes are 

to be studied in detail. The suppression of bacterial action on the 

PVA membrane is an important aspect in medical applications 

and water purification processes. 
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