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ABSTRACT 

 
Poly (Vinyl Alcohol)-silica and Poly (Vinyl Alcohol)-alumina hybrid materials 

were synthesized in aqueous medium by the sol-gel method using  hydrochloric 

acid(HCl) as catalyst and silicon ethoxide and aluminum butoxide as silica and  

alumina precursor respectively. Transparent, flexible thin film composites of 

homogenous thickness were obtained at room temperature after drying for 5 days. The 

hybrid composites were characterized by Ultra Violet- Visible (UV-Vis), Fourier 

Transform Infrared (FTIR) spectroscopy, Scanning Electron Microscopy (SEM), 

Energy Dispersive X-rays (EDX), X-Rays Difractometry (XRD), Thermogravimetric/ 

Differential Thermal analysis (TG/DTA), Thermal Conductivity (TC), mechanical 

properties and water uptake measurements. SEM micrographs revealed that silica and 

alumina was dispersed in the PVA matrix without the large aggregation of particles.  

 The PVA-silica or alumina composites offer an outstanding balance of toughness. 

Tensile results indicate that there is a compromise in properties when compositing 

silica or alumina with PVA as the addition of silica or alumina makes the material 

stronger and more useful. This is related to an increased modulus and decreased 

elongation at break with increasing silica or alumina content.  

FTIR spectroscopy failed to identify any perturbation because of blending of silica 

or alumina with PVA, but only specific interaction of the hydrogen bonding between 

different groups of PVA and alumina/silica was observed.  

The comparison of UV-Vis spectroscopic analysis, of PVA, PVA - silica and PVA- 

alumina composite films showed almost similar spectrum except that peak of 335 nm 

shown in pure PVA shifted towards lower wavelength with both silica and alumina. 

This change in peak position is due to the interacting particles of silica or alumina. 

This change may be attributed to aggregation of silica /alumina particles. Between the 

silica and alumina, silica is causing more effect on this peak while alumina is to a 
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lesser extent, which we think is due to bigger size of silica molecules. 

 XRD pattern of pure PVA and PVA- silica or alumina composite point out the 

wide bulge among 16 and 22 of 2-θ degree, and this is connected to amorphous field 

in Poly (Vinyl Alcohol) thin film polymer. It was discovered that the extent of 

crystalline domain of composite Poly (Vinyl Alcohol) has improved with addition of 

silica or alumina. The crystalline movement is amplified with segment wise shift of 

Poly (Vinyl Alcohol) mass among sites of coordination and relaxation of confined 

structure raise the crystallinity with increase of silica or alumina.  

Thermal Conductivity (TC) of PVA composites showed decrease in initial stage 

until the amount of silicon ethoxide and aluminum butoxide was small (up to 20% 

silicon ethoxide and 10% aluminum butoxide). However, beyond 20% for silicon 

ethoxide and 10% for aluminum butoxide the Thermal Conductivity (TC) showed 

increase. This means that there is a threshold value for Thermal Conductivity (TC) 

depending upon the added filler. Up to this value, decrease is shown while beyond 

this there is increase.  

The TGA curve of the PVA composites showed that there is the thermal stability of 

the PVA film up to 370 K (97 
o
C). There was a mass drop from 370 K to 500 K, 

which may be due to evaporation of surface and structure water. The further drop of 

weight between 500 K and 738 K is attributed to decomposition and combustion of 

PVA film. In the temperature range of 738 K to 820 K, a weight loss was due to the 

transformation from carbon black to carbon dioxide. The whole process is supported 

by DTA curves. Water uptake swelling index measurements were done which shows 

the hydrophilic nature of PVA- alumina and hydrophobic nature of PVA- silica.  

It can be concluded that we have successfully prepared thin Film of PVA-silica and 

PVA- alumina, which are thermally stable and with good strength.  



TABLE OF CONTENTS 

 

CHAPTER 1 --------------------------------------------------------------------------------------------------------------------- 1 

1 INTRODUCTION ----------------------------------------------------------------------------------------------------- 1 

1.1 INTRODUCTION -------------------------------------------------------------------------------------------------- 2 
1.2 OBJECTIVES OF THE PROPOSED STUDY ------------------------------------------------------------ 13 

CHAPTER 2 ------------------------------------------------------------------------------------------------------------------- 15 

2 EXPERIMENTAL --------------------------------------------------------------------------------------------------- 15 

2.1 MATERIALS ------------------------------------------------------------------------------------------------------- 16 
2.2 PREPARATION OF SOL-GEL MIXTURES FROM POLY (VINYL ALCOHOL) –SILICON 

ETHOXIDE AND POLY (VINYL ALCOHOL) -ALUMINUM BUTOXIDE ---------------------------- 16 
2.3 PREPARATION OF COMPOSITE FILMS FROM PVA-SILICA AND PVA-ALUMINA SOL-

GEL MIXTURES --------------------------------------------------------------------------------------------------------- 17 
2.4 CHARACTERIZATION OF ORGANIC-INORGANIC HYBRID COMPOSITE FILMS ---- 19 

2.4.1 Ultra Violet- Visible (UV-Vis) spectroscopy -------------------------------------------------------- 19 
2.4.2 Fourier Transform Infrared (FTIR) spectroscopy ------------------------------------------------ 19 
2.4.3 Scanning Electron Microscopy (SEM) --------------------------------------------------------------- 19 
2.4.4 Energy Dispersive X-rays (EDX) ---------------------------------------------------------------------- 20 
2.4.5 X-Rays Difractometry (XRD) --------------------------------------------------------------------------- 20 
2.4.6 Thermogravimetric / Differential Thermal Analysis (TG/DTA) ------------------------------- 20 
2.4.7 Thermal Conductivity (TC) ----------------------------------------------------------------------------- 20 
2.4.8 Measurements of mechanical properties ------------------------------------------------------------ 20 
2.4.9 Water Uptake / Water Resistance Swelling Index ------------------------------------------------- 21 

CHAPTER 3 ------------------------------------------------------------------------------------------------------------------- 22 

3 RESULTS AND DISCUSSIONS -------------------------------------------------------------------------------- 22 

3.1 ULTRA VIOLET- VISIBLE (UV-VIS) SPECTROSCOPIC STUDIES ----------------------------- 23 
3.2 FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPIC STUDIES ----------------- 31 
3.3 SCANNING ELECTRON MICROSCOPIC (SEM) OBSERVATIONS ---------------------------- 43 
3.4 ENERGY DISPERSIVE X-RAY (EDX) MAPPING ---------------------------------------------------- 50 
3.5 X-RAY DIFRACTOMETRY (XRD) PATTERN ---------------------------------------------------------- 53 
3.6 THERMOGRAVIMETRIC/ DIFFERENTIAL THERMAL (TG/TDA) ANALYSIS ----------- 63 
3.7 THERMAL CONDUCTIVITY (TC) ------------------------------------------------------------------------- 77 
3.8 MECHANICAL STRESS-STRAIN PROPERTIES ------------------------------------------------------ 81 

3.8.1 Tensile properties ------------------------------------------------------------------------------------------ 83 
3.8.2 Young’s Modulus and Tensile strength --------------------------------------------------------------- 88 
3.8.3 Elongation at break --------------------------------------------------------------------------------------- 94 

3.9 WATER UPTAKE / WATER RESISTANCE SWELLING INDEX ---------------------------------- 97 
3.10 CONCLUSION ----------------------------------------------------------------------------------------------- 102 
3.11 SCOPE FOR FUTURE WORK --------------------------------------------------------------------------- 105 

CHAPTER 4 ------------------------------------------------------------------------------------------------------------------ 106 

4 REFERENCES ------------------------------------------------------------------------------------------------------ 106 

4.1 REFERENCES ---------------------------------------------------------------------------------------------------- 107 

 



1 

 

 

 

CHAPTER 1 

 1  INTRODUCTION 



2 

 

 

1.1 INTRODUCTION  

Many new materials have been introduced for the quest of improved materials. 

Polymers, though introduced in the materials field in meaningful manner only very 

recently, occupy a major place and pivotal position in the materials field today. In 

performance characteristics, application prospects and diversity, they offer novelty 

and versatility not found in any other kind of materials. Compositing is a process 

somewhat similar to compounding. In a polymer composite, the constituent polymer 

and composite components are usually present in significant weight or volume 

proportions with respect to each other, but seldom occurs in equal proportions [1]. An 

obvious advantage of this approach is that it requires little or no extra capital 

expenditure relative to new polymers. It is also possible to produce a range of 

materials with properties completely different from those of the composite 

constituents [2]. Novel properties of composites can be derived from the successful 

combination of the characteristics of parent constituents into a single material. 

Materials scientists very often handle such composites, which are an effective 

combination of two or more inorganic particles. To exploit the full potential of the 

technological applications of the materials, it is very important to endow them with 

good processability, which has ultimately guided scientists towards using 

conventional polymers as one component of the composites, resulting in a special 

class of hybrid materials termed "polymeric composites". Many investigations [3] 

regarding the development of the incorporation techniques of the particles into the 

polymeric matrices have been published. In most of the cases [4], such combinations 

require blending or mixing of the components, taking the polymer in solution or in 

melt form. Resulting composites have found successful applications in versatile fields 

i.e. battery cathodes [5], microelectronics [6], nonlinear optics [7], sensors [8] etc. 

Materials research, which involves preparation and characterization of 
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organic/inorganic composite supra-molecular materials, is quickly rising. Such 

composites are mainly capable for structural fabrication of like shapes for resourceful 

intra-molecular energy and convenient molecular arrays and the unit of inorganic and 

transport of electron among the moiety of organic and to build devices, which join the 

higher electronic, optical and magnetic properties [9]. 

A severe warning to the environment is presented by polymeric wastes. PVA is 

commonly used constituent of biodegradable polymeric compounds due to its water 

solubility [10]. Afilmcan be simply made from it and used like optically apparent 

malleable contact lenses [11]. It was noted that moderately hydrolyzed poly (vinyl 

acetate) changed from poly (vinyl alcohol) during hydrolysis is now being 

investigated as a prospective polymeric gel insulatorfororganicthinfilmtransistors

(OTFTs) [12]. 

Sol-gel method has been widely employed in recent times for the synthesis of 

hybrid organic–inorganic composite materials [13, 14]. The versatility of sol-gel 

chemistry in polymers affords a measure of control over the nature of organic–

inorganic interface and a convenient method for the introduction of newer properties 

such as catalysis [15], biomedical [16] and nonlinear optical properties [17] into the 

resulting material. One important area of recent interest in the field of polymer-

inorganic composites has been the synthesis of materials having hydrogel behaviour. 

The polyvinyl alcohol (PVA)/silica system has received interest due to the known 

hydrogel behaviour of polyvinyl alcohol [18, 19]. The synthesis of an artificial heart 

valve stent from polyvinyl alcohol has been reported [20]. There are also reports 

about a PVA/layered silicate composite for potential application in drug delivery [21]. 

The final bulk properties of the hybrid organic–inorganic composites synthesized 

by the sol-gel method depend on the ability to generate homogenous sol-gel mixtures 

[22]. This requires a careful optimization of reaction parameters because the 
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components generally have diverse miscibility and condensation patterns. 

PVA is very responsive towards moisture, and the polymer is softened by it and its 

strength reduced. Furthermore, a very well hydrolyzed grade of the polymer cannot 

oppose the improved affinity to take up a considerable quantity of humidity in moist 

circumstances. In favor of relations with the silanol groups of the inorganic moiety, 

there are available the majority of the previous studies deal with polymers having 

polar groups like epoxidised natural rubber [22].  

PVA has pendant hydroxyl groups is commercially essential polymer, and 

hydrophilic in character. Clear films can be formed from its aqueous solution. To 

make tough secondary associations with the remaining silanol groups generated from 

acid catalyzed hydrolysis and the hydroxyl groups in the repeating units of the 

polymer [23] estimate polycondensations of tetraethoxysilanes. The format revealed 

in Fig. 1 can offer the whole reaction.  
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Figure 1: Hydrogen bonded poly (vinyl alcohol/silica) organic-inorganic hybrid        

structure.  
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A solitary benefit in the formation of novel organic–inorganic hybrids is revealed 

by sol-gel chemistry. An amalgamation of metal alkoxide precursors [M (OR) n] and 

water are needed for the sol-gel method, where “R” is usually an alkyl group and “M” 

is a network forming inorganic constituent. In the existence of an acid or base catalyst 

contained by the polymer medium, the two fundamental steps to produce inorganic 

network are hydrolysis and condensation of the metal alkoxide, which is given away 

via above design [23] (Figure. 1).  

Because of the gentle reaction condition of silicon alkoxide, as tetraethoxysilanes 

(TEOS) is the mainly used metal alkoxide [24, 25]. 

The length scale of the constituent phases (size and shape) and by their interfacial 

relations deeply affects the properties of the organic–inorganic hybrid composites 

consequence from the rich interaction between the constituents [25]. 

Sol-gel condensation characteristics were first observed independently for sodium 

silicate and then in presence of PVA. The acid neutralization method [26] was adopted 

for the preparation of silica sol from sodium silicate solution.  

Inorganic particles of different nature and size can be combined with the polymers, 

giving rise to a host of composites with interesting physical properties and important 

application potential. Such composites have been discussed [27], throwing light on 

their synthesis techniques, properties, and applications. Depending upon the synthetic 

techniques and the characteristics of the inorganic materials, ultimate properties of the 

resulting composite are controlled. Amine (-NH2) and Carboxylic acid (-COOH) have 

also been added to the composite particles and all these combinations and 

modifications have improved the applicability of conducting polymers in different 

fields [28]. Advancement in ceramic and organic tailored hybrid materials in the 

precedent two decades have been made by this technology [29-32]. Homogenous 

materials with elevated thermal stability, density and hardness can be generated [33-
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36]. Various studies involve a procedure for the preparation of different types of 

organic-inorganic hybrid materials along with progression for homogenous inorganic 

glasses by sol-gel [32, 37–38]. In industrial plants and laboratories for a variety of 

biochemical, electrical applications and optical developments, sol-gel methodology 

have been extensively applied and investigated in current time [39-42]. 

Methyl methacrylate mixtures [33, 34], acrylonitrile [37] and styrene [36] with 

silica were used to get transparent materials using the alkoxymetal precursors. Adding 

clay of only 4%, properties of the composites have been notably enhanced [43]. Still 

only some polymers from diverse laboratories have reported of using sol-gel 

techniques for hybrid materials preparation [44-47].  

The presence of silicon Dioxide (SiO2) nanoparticles in polyvinyl alcohol leads to 

a remarkable change in the degradation mechanism compared to that of pure PVA. 

The thermal degradation occurs at higher temperatures, requires more activation 

energy (E), and possesses higher reaction order (n) [48]. 

The structure as well as the morphology of a variety of powder nanocomposites 

with fumed oxides (silica, silica/alumina, silica/titanic) and different linear polymers 

(poly (ethylene oxide), poly (ethylene glycol), poly (vinyl alcohol), poly (vinyl 

pyrrolidone), poly (dimethylsiloxane) and proteins (ossein, gelatin)), depends slightly 

on the content of polymers at coverage less than a monolayer [49]. 

Poly (vinyl alcohol)-based mixed matrix membranes loaded with 5 and 10% of 

sodium montmorillonite (Na
+
MMT) clay particles, i.e. (PVA/Na

+
MMT-5 and 

PVA/Na
+
MMT-10), were fabricated by solvent casting method. Separation factor to 

water has increased, but the corresponding flux values were somewhat lower than the 

observed for pristine PVA membrane [50]. 

The remarkable decrease in degree of swelling in hybrid membranes of poly(vinyl 

alcohol) (PVA) and tetraethylorthosilicate (TEOS) was observed with increasing 
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TEOS content in membranes and is attributed to the formation of hydrogen and 

covalent bonds in the membrane matrix [51].  

Using poly (ethylene oxide) (PEO) and poly (vinyl alcohol) (PVA) mixtures 

contained in aqueous solutions and PVA/nano-ZnO composites were prepared by 

dispersion. Ultraviolet absorption as well as thermal behaviour of the thin films is 

dependent on nano-ZnO with 1% of nano-ZnO, most favorable film properties were 

achieved while agglomeration of ZnO and worse in film properties takes place on

high size of ZnO [52].  

In dimethyl sulphoxide, medium using tetraethoxysilanes and poly (vinyl alcohol) 

obtained the development of hybrid nanocomposites but a thorough examination re-

lated to property-structure affairs has not been established [52].  

Microbes, mechanical stress, expose to ozone, disclosure to UV radiation and heat 

are sources of polymeric materials degradation [53-55]. To get better the 

characteristics to go with specific market usage fillers are generally used in polymer 

materials. The merger of structural reinforcement materials is one such progress [56]. 

In engineering use to minimize heat buckle and boost inflexibility at elevated 

temperatures to nylon-6 inorganicfillersare added [57]. The characteristics of ordin-

ary size are extremely different from Nano-sizedfillers. Because of sturdy interfacial 

attraction among the inorganic nanoparticles and the organic polymer equally the 

mechanical and optical properties of the polymers by addition of nano-ZnO into 

polymers can be enhanced. ZnO has the small size, excitation-fastening energy, with a 

bulky refractive index and a broadband space; therefore these particles are of 

particular interest due to largespecificareaofthe nanoparticles and quantum effects. 

In many supplementary utilities like fibres, plastics, rubbers, sealants and coatings 

composites based on such nanoparticles can be broadly utilized [58-61].  

By in situ growth of ZnO nanoparticles in a poly (ethylene glycol) (PEG) medium, 
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ZnO/polymer composites have been made with constant luminescence peaks 

at/behind 465 nm [62]. Thinfilms of self-assembled ZnO nanoclusters containing of 

ZnO/poly (styrene–acrylic acid) diblock copolymer were prepared by Ali and Iliadis 

[63].  

Nylon-6structuralcrystallinityinfluencedbyZnOnanoparticleswerestudied [64]. 

When nylon-6 is cooled from the molten condition, ZnO nanoparticles made the 

pattern of a mesomorphic type in it and the amorphous solid is annealed. Up to 9% 

the NIR (near infrared) shielding properties, UV and tensile strength of poly (styrene-

co-butylacrylate) latex/ZnO nanocomposites were established to amplify with nano-

ZnO [64]. 

Heterogeneous catalysts [65, 66], chemical separations [67] and electrode materials 

[68] applications in a rangeoffields, materials with multiple-scale porous structure 

porous have recently fascinated grand concentration. Emulsion templating [69, 70] or 

colloidal crystal templating [71, 72] fabricate the macropores as for synthesizing 

hierarchically porous materials. The surfactants are also used to create meso-

macroporous structures, [71-73].  

silica [74-75], Titania [74, 76], zirconia [74], carbon [66, 78-80], and polymer [81, 

82] like compounds have been prepared in massive form with hierarchical pores. With 

polymer template method, these micro-meso-macroporous monoliths are in general 

synthesized [74-76] which involve these stages: (1) macroporous organic foam 

formation a definite contour, (2) precursor sol filling of the organic foam, (3) through 

calcinations, the template is detached. Macroscopic and microscopic scales of the 

polymer foams results the replica monoliths some volume contraction. The mold is 

used to control and mold the shape of the templates [74] and varying the volume 

portion of the discrete part, the macropore size can be accustomed [76]. Theoretically, 

any form with variable macropore sizes can be achieved by suitable pattern and 
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precursor selection of macroporous monolith of diverse compounds. As declared 

above due to figure mold ability and pore structure convenient, this preparation 

technique has gorgeous return [82].  

Owing to mechanical, chemical and thermal stability alumina is a very essential 

inorganic material and as catalyst supports adsorbents, ion-exchange materials, 

membrane substrates, etc. the hierarchically porous alumina should be a striking 

material, which can be potentially used [82 -85]. A number of information on porous 

alumina monolith research can be obtained. Macro-mesoporous alumina monolith was 

prepared by Fujita and co-workers [85, 86] and by means of a sol-gel method joint 

with segment separation silica–alumina monolith were obtained [87, 88]. Using 

sponge-pore-formation technique bimodal porous alumina foam with pore size in mm 

level was prepared [89, 90].  

Filling polystyrene froth templates with alumina hydrosols have made 

macroporous alumina monoliths with the template method and it is recognized that 

alumina hydrosol is superficial to be completed [91].  

Pereira et al. have investigated the production and reactivity of PVA/silica hybrids 

obtained via the sol-gel method. The composites were prepared from PVA and 

tetraethyl orthosilicate (TEOS) with further modification of the inorganic phase with 

“bioactive” soda-lime phosphate silicate glasses [92]. The structure property 

relationships of a PVA/silica hybrid synthesized from polyvinyl alcohol and tetraethyl 

orthosilicate in aqueous medium by the sol-gel method has been reported by Nakane 

et al. [93]. The hybrid composites may have possible applications as water perm 

selective membrane or immobilization carriers for a biocatalyst [93]. Other reports of 

PVA/silica synthesis include those by Hsu et al. [94]. Where PVA (average Mw 1.5 × 

10-5), TEOS and a mixture of dimethyl sulphoxide (DMSO), water and alcohol were 

used to form the sol-gel mixture and by Sharp [95] where formic acid played a dual 
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role of catalyst and solvent to form the sol-gel mixture from PVA and TEOS. 

TEOS and poly (dimethyl siloxane) were used to prepare sol-gel hybrids and 

reported mechanical properties [96]. In-situ polymerization method was used for the 

preparation of organic–inorganic [97-99] but so far, particularly on the rubbery 

systems detail examination on structure–property association has not been studied. 

Even though silica is broadly used as fillers in the rubber industry, reported studies on 

silicafilledrubberbysol-gel system is very little.  

Reaction temperature, the pH of the solution and the mole ratio of Si to H2O, cata-

lysts, solvents affect the sol-gel chemistry. When each one further parameter is kept 

invariable, pH plays a key responsibility in determining the character of the hybrids. a 

pH effect was considered in poly (methylmethacrylate)/silica hybrids by Landry et al 

[100]. The hybrids produced in both acidic and basic environments, silica regularly 

scatters in the polymer medium with particles smaller than 100 nm via an acid cata-

lyst, whereas these amassed in basic mixture. HCl is commonly used as an acid 

catalyst in preparing polymer-inorganic hybrids. Bushuk and co workers [101] have 

reported the spectroscopic distinctiveness of hybrid organic–inorganic films and 

solutions of ethoxysilicon containing amidophosphate legends in acetonitrile. 

Inhomogeneous broadening of the absorption and fluorescence spectra which was 

characterized by the spectral dependence of the fluorescence and fluorescence 

excitation bands on the excitation and registration wavelength respectively was 

associated with the presence of a set of – (Si–O)n– siloxane structures with various 

terminal fragments in both the films and solutions. Zerda et al. [102] and Himmel et 

al. [103] has also studied in acid atmosphere the Nanolevel distribution of silica 

particles in the hybrids however effect of morphology of the silica phase on the 

objective characteristics has not been reported in detail.  

Using acrylic rubber (ACM) [104], epoxidised natural rubber (ENR) [105] and 
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Polythiourethane/ZnS Nanocomposites with High Refractive Index [106], the 

production and description of different polymer/silica organic–inorganic mixture 

nanocomposites have been reported. Changing the reaction parameters like 

temperature, Si to H2O mole ratio and solvents, the thorough reading on the structure–

property correlation of the rubber/silica hybrid nanocomposites (ACM and ENR 

based)  has also given [107,108].  

Along with chemical strength carbon nanotubes (CNTs) exhibit a broad variety of 

distinctive mechanical, optical, and electrical properties [109-111].
 

Polymeric 

composites, hydrogen storage [112, 113], actuators, field-emission materials [114], 

chemical sensors [115], Nanoelectronic devices [116], and Because of the exclusive 

characteristics of CNTs, researchers have showed grand concentration to use these 

amazing characteristics for engineering applications.  

Instead of effortless combination, chemical functionalization on the CNT wall was 

used which not only distribute CNTs in an organic solvent [117],
 
water [118,119],

 
or 

polymer matrix [120]
 
but also attaches chemically with polymeric materials[121].

 

Functional groups could be added both on the sidewall by fluorination, arylation,

nitrene cycloaddition, 1, 3-dicycloadditon [122, 123],
 
Friedel-Crafts acylation [124, 

125] and from the end of CNTs by acid dealing [126].
 
Many ways to the non-covalent 

changes of CNTs are investigated like polymer covering [127],
 
the adsorption of 

amine [128],
 
and radio frequency glow-discharge plasma alteration [129].

 
 

Polycaprolactone (PCL) is recognized for its distinctive biocompatibility, 

degradability is linear aliphatic polyester [130],
 
and is utilized in medical supplies as a 

degradable stuffing and medicine release systems. In many applications small melting 

point of PCL has, its drawback even though is well matched with a broad variety of 

polymers. To increase its usage, the amalgamation of PCL among polymer [131]
 
or 

nanomaterials can be included through PCL polymerization [132].
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In the current investigation thinfilmscomposite of poly (vinyl alcohol) -silica and 

poly (vinyl alcohol) -alumina are synthesized and characterized their optical 

mechanical and thermal behaviors. To discover the opportunity that the mechanical 

and electronic characteristics of silica and alumina in shape of particles might be 

selectively controlled in effortlessly organized thin films based on environment 

friendly polymers was the aim of the studies.  

1.2 OBJECTIVES OF THE PROPOSED STUDY 

The current study purpose is  not only optimizing the mechanical properties and 

water affinity of poly (vinyl alcohol) as a result of scattering the inorganic 

silica/alumina part in the polymer template but also try to understand the structure-

property interaction of the resultant extremely polar hybrid composites.  

We have attempted to study the effect of silica and alumina content on the 

dispersion pattern of silica / alumina within PVA and the final bulk properties of the 

composites. The sol-gel medium consisted of PVA, silicon ethoxide (SEO) / 

aluminum butoxide (ABO) and acid catalyst HCl. ABO is a rather cost-effective 

alumina source as compared to the more commonly used Organometals.  Moreover, 

by using a purely aqueous medium the use of expensive and very often toxic solvents 

can be avoided. The PVA-silica and PVA-alumina hybrid materials obtained were 

characterized for their morphology, thermal behaviour, water uptake and mechanical 

properties. 

Though studies are available on sol-gel resultant polymer-silica composite, relative 

investigations relating the structure property affairs using polymers with diverse 

attractive locations in unstable silica and alumina concentration circumstances has not 

yet understood. Our work shows the outcome on the thorough exploration of the 

structure and characteristics of PVA-silica and PVA-alumina thin film composites 
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among the variation of contents underneath suitable situation of solvent. The present 

analysis offers novel insight in the subsequent issues:  

•Degree of development ofsilica/aluminaparticlesasinfluencedby diverse level.  

•Outcome of morphology of silica / alumina particles on the physical properties of 

the composites.  
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2 EXPERIMENTAL 



16 

 

 

2.1 MATERIALS 

Poly (vinyl alcohol) (PVA, MW= 72000, polymerization degree = 1600, 

hydrolyzed= 98%) has been purchased from Applichem GmbH, Darmstadt. aluminum 

butoxide, (ABO, density = 960 kg/m
3
) was procured from Fluka, Germany, silicon 

ethoxide, (SEO, density = 933 kg/m
3
) was procured from Fluka, Germany and 

concentrated hydrochloric acid (AR grade) was from Merck. All the solutions were 

prepared in deionized water.  

2.2 PREPARATION OF SOL-GEL MIXTURES FROM POLY 

(VINYL ALCOHOL) –SILICON ETHOXIDE AND POLY (VINYL 

ALCOHOL) -ALUMINUM BUTOXIDE  

A 5% aqueous solution of poly(vinyl alcohol) (PVA) was prepared by distributing 

50 g of poly(vinyl alcohol)  into about 900 mL deionized water and then it is kept at a 

temperature of 353.16 K in oven for 24 hours. After proper solution of the polymer, 

the consequential solution was cooled to ambient temperature (298.16 K) and the 

volume was made up to 1000 mL with deionized water and stored in a container. 10,  

20, 30, 40 and 50, weight percent of silicon ethoxide and aluminum butoxide with 

respect to 100 g of the polymer each in 5 dissimilar divisions was mixed to the PVA 

solutions in stirring circumstances to form a homogenous mixture at ambient 

temperature. Table 1 represents the compositions of all the PVA-silica and PVA-

alumina hybrid composites used in this research. Subsequent to methodical 

integration for 10 min, the acid catalyst i.e., 0.5 mL of concentrated HCl was put to 

the resulting polymer solutions in so that to maintain the pH of the mixture 1-2. The 

reaction medium was once more stirred up to 20 min at ambient temperature to carry 

out the in-situ acid hydrolysis of silicon ethoxide within PVA aqueous solution and 

aluminum butoxide within PVA aqueous solution.  
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2.3 PREPARATION OF COMPOSITE FILMS FROM PVA-SILICA 

AND PVA-ALUMINA SOL-GEL MIXTURES 

 The sol-gel mixtures were poured into thoroughly cleaned smooth glass Petri 

dishes and covered with Petri dish cap to allow the system to gel. At first, the water 

evaporation were prohibited for 24 hours in order to reduce the rate of evaporation 

and hence avoid shrinkage of the gel and after that, the cast films were permitted to 

gel when they show no weight difference. The completely gelling process of the 

composite films was completed at ambient temperature within 6 days. Look of every 

film (typical thickness of 0.31 mm) as noted in Table 1. 
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TABLE 1: Compositions of the reagents used for preparation of poly (vinyl alcohol)-

silica and poly (vinyl alcohol)-alumina hybrid composites and their physical 

properties (silica & alumina content and appearance of the films). 

S. 

No. 

Composite 

designation 

silicon ethoxide 

(Wt %) 

silica  

(Wt %) 

Appearance of the 

films 

 

1 PVA  0.00 0.00 Transparent 

2 SEO 10 10 2.70 Transparent 

3 SEO 20 20 6.47 Transparent 

4 SEO 30 30 8.89 Transparent 

5 SEO 40 40 11.25 Transparent 

6 SEO 50 50 15.20 Transparent 

  Aluminum 

butoxide (Wt %) 

Alumina  

(Wt %) 

 

 

7 ABO 10 10 2.61 Transparent 

8 ABO 20 20 4.55 Transparent 

9 ABO 30 30 9.61 Transparent 

10 ABO 40 40 10.47 Transparent 

11 ABO 50 50 12.92 Transparent 
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2.4 CHARACTERIZATION OF ORGANIC-INORGANIC HYBRID 

COMPOSITE FILMS 

  Characterization of resulting composite films was done by using various analytical 

techniques, which are given below; 

2.4.1 Ultra Violet- Visible (UV-Vis) spectroscopy 

A Shimadzu UV-2550 UV-Vis spectrophotometer instrument did UV–Vis 

spectroscopic analysis. Absorbance spectra were studied in the 190–1100 nm range of 

wavelength. 

2.4.2 Fourier Transform Infrared (FTIR) spectroscopy 

The infrared spectra of the polymers and hybrid composite films were recorded 

with a Fourier Transform infrared (FTIR) spectrophotometer Shimadzu IR Prestige-21 

in Pike Technologies Miracle
 TM

 ATR mode using single reflection ATR universal 

plates of Zinc Selenide Crystal. Thin films were scanned from 4000 to 400 cm
−1

 with 

a resolution of 4 cm
−1

. After an average of 10 scans for every sample, all the spectra 

were reported. The outcomes were analyzed using IRsolution Shimadzu software, 

version 1.30, provided with FTIR. 

2.4.3 Scanning Electron Microscopy (SEM) 

 Scanning Electron Microscopy (SEM) is the most popular method for examination 

of polymer composites and the advantages of this technique over the other types of 

microscopy are its rapidity, range of accessible magnifications and depth of field. 

Microscopy was used to observe the uniformity and morphology of the polymer 

composites. SEM analysis of a number of chosen thin films were carried out using 

scanning electron microscope SEM (Model JSM-5910-JEOL JAPAN) on thin films of 

hybrid composites applying an accelerated voltage of 5 kV. The Scanning electron 

micrographs were obtained at 2500 magnification.  
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2.4.4 Energy Dispersive X-rays (EDX) 

The scattering of silica and alumina particles in the PVA medium was investigated 

by the Energy Dispersive X-rays (EDX) saved in EDX with SEM (JMS 5910) INCA 

100/ Oxford instruments, U.K. Thin films were sputter covered by gold so that to 

oppose the artifacts produced above the surface because of charging. 

2.4.5 X-Rays Difractometry (XRD) 

XRD patterns of the composites were studied by X-ray diffractometer (JDX-3532, 

JEOL Japan) so that to recognize the phases offered in the films and estimate the 

crystal orientations. CuKα rays of wavelength k = 0.15406 nm were applied with a 

voltage adjustment of 40 kV tube voltage and 30 mA tube current. The range of 

diffraction angle was 10.00 to 70.00- 2 θ. 

2.4.6 Thermogravimetric / Differential Thermal Analysis (TG/DTA) 

Thermogravimetric analysis was performed on a Perkin-Elmer Diamond Series 

TG/ DTA System at a normal environment with a heating speed of 5 K min
-1

 from 

298.16 K to 973.16 K. 

Residue substance of thin films was noted by heating in a TGA Equipment at 973.16 

K. The differentiation among the first and the last weights was recorded and the data 

were showed as wt percentage, ash content of the samples (Table 1).  

2.4.7 Thermal Conductivity (TC) 

The thermal conductivity was done by QTM-500 system (Soft-QTM 5 EW Kyoto 

Electronics Japan) and its values were noted accordingly. 

2.4.8 Measurements of mechanical properties 

Tensile testing was performed to assess the changes in the mechanical behaviour of 

thin films with change in composition. This mechanical behaviour of thin films was 

investigated on a Testometric Universal Testing Machine (UTM) 100-500 KN M 
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350/500 manufactured by Testometric Inc.UK.  The cast films were punched out on 

tensile specimen’smode. The films of pure polymers and that of selected composition 

of polymeric composites with different concentrations and with uniform thickness 

(Approx 0.31 mm), measured with digital micrometer, and width (25 mm) were cut 

for analysis. The length of each sample was 30 mm, and the gauge length used was 25 

mm. The analysis was performed at room temperature (298.16 K) with crosshead 

speed of 15 mm per min. A special griping system was designed for thin film griping 

to avoid any slippage during tensile test. Standard procedure and formulae were used 

for calculating various tensile properties including stress, strain, Young modulus 

(stiffness), toughness, Ultimate tensile strength (UTS) etc. Data was fed directly into 

computer interfaced with the tensile machine. 

2.4.9 Water Uptake / Water Resistance Swelling Index 

Water uptake of PVA and thin composite films were analyzed at room temperature 

(298.16 K). The relative rates of water absorption at room temperature were measured 

with thin films of identical weights, immersing the films in deionized water for 72 

hours and then measuring the weight change until it became constant. The 

equilibrium-swelling index (α) was determined using measurement of the weight of 

the films prior to and subsequent to swelling, applying following formula: 

α = [(wf − wi)/wi]*100  

Where, wi is the first weight and wf is the last weight of the films. 



22 

 

  

 

CHAPTER 3 

3 RESULTS AND 

DISCUSSIONS 

 



23 

 

 

3.1 ULTRA VIOLET- VISIBLE (UV-VIS) SPECTROSCOPIC 

STUDIES   

UV-Vis spectroscopic studies were done using UV–Vis spectrophotometer UV-

2550 Shimadzu Japan. The light absorption from 190-1100 nm was observed for films

made from PVA, PVA - silica and PVA- alumina. Blank absorption was noted 

without any sample in the instrument compartment, which was zero at all range.  

The UV-Vis absorption spectra were recorded for 190-1100 nm for pure PVA film 

and were given in Fig. 2. It can be seen from the figure that PVA is almost non- 

absorbing for 700-1100 nm meaning no interaction of light is taking place in this 

wavelength region. The absorption by PVA is shown only in between 700-190 nm. 

There are three λmax,which are at 228 nm, 281 nm and 330 nm. 

The UV-Vis spectrum of PVA-silica composite film at different concentrations of 

silica is shown in Fig. 3 and 4. It can be seen from these there is no variation in the 

λmax peaks and are almost at the same position as they were in pure PVA. This 

means that silica has no effect on UV-Vis absorption wavelength when incorporated 

into the polymer i.e. PVA. The only thing is that changing in the absorption intensity. 

The intensity of the peaks change with the increase of silica i.e. more silica 

concentration shows high absorbance values. The films are transparent in visible 

range i.e. 500 nm – 1100 nm while absorbance is only shown in UV- region of the 

spectrum. This means that there is interaction of PVA with silica only in UV-region, 

which may be due to high-energy gap [52]. The enhancement with increase of silica 

content may be due to increase of silica particles to interact with PVA and with 

further increase in silica, the possibility of aggregation of silica particles is there that 

may be absorbing more and more UV-light. 
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The UV-Vis spectrum of PVA-alumina composite film at different concentrations 

of alumina is shown in Fig. 5 and 6. It can be seen from these there is no variation in 

the λmax peaks and are almost at the same position as they are in pure PVA and 

PVA-silica composite film. This means that alumina has also no effect on UV-Vis 

absorption wavelength when incorporated into the polymer i.e. PVA. Like PVA-silica 

composite film, only thing is that changing in the absorption intensity.  

The behavior of alumina incorporation in PVA is almost same like PVA-silica 

composite film,  

In case of comparison of UV-Vis spectroscopic analysis of PVA, PVA - silica and 

PVA- alumina composite films as shown from Fig. 7. It is clear that PVA, PVA - 

silica and PVA- alumina composite films have almost similar spectrum except that 

peak of 335 nm shifts towards lower wavelength with both silica and alumina. This 

change in peak position is due to the interacting particles of silica or alumina. This 

change may be attributed to aggregation of silica /alumina particles as mentioned in 

literature [23]. Between the silica and alumina, silica is causing more effect on this 

peak while alumina is to a lesser extent, which we think is due to bigger size of silica 

molecules.  
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3.2 FOURIER TRANSFORM INFRARED (FTIR) 

SPECTROSCOPIC STUDIES 

Fourier Transform Infra Red (FTIR) spectroscopy has been widely used by many 

researchers to study the formulation of composites [23]. An IR spectrum is commonly 

divided into three main regions. The high frequency region [133], is called functional 

group region because the characteristics stretching frequencies for important 

functional groups such as C=O, OH, and NH etc occur in this region as predicted 

from table 3. The middle frequency region, 1300-900 cm
-1

 is known as the fingerprint 

region in which the absorptions that occur are complex and normally due to 

combinations of interacting vibrational modes, providing a unique fingerprint for 

every molecule. The region between 900-650 cm
-1

 provides general classification of 

molecules from the pattern of absorptions, such as substitution patterns on benzene 

ring.  

FTIR spectrum provides information regarding intermolecular interaction via 

analysis of FTIR spectra corresponding to stretching or bending vibrations of 

particular bonds and positions at which these peaks appear depend directly on the 

force constant or bond strength. Hydrogen bonding or other interactions between 

chemical groups on the dissimilar polymers should theoretically cause a shift in peak 

position of the participating groups. Hydrogen bonding interaction usually moves the 

stretching frequencies of the participating groups e.g. O–H, N–H, C=O towards lower 

wave numbers usually with increased intensity and peak broadening. The shift in peak 

position will depend on the strength of the interaction. 



32 

 

 

 

TABLE 3: Assignments of some characteristic absorption peaks for FTIR 

spectroscopic studies obtained from literature [133]. 

Peak Values (cm
−1

)  Peak Functional Group relation  

3250  O-H stretching  

2900 C-H stretching  

1730  C =O stretching 

1420  O-H and C-H bending  

1326  O-H and C-H bending  

1121–1020 Asymmetric Si-O-Si stretching 

1000–1100  C-O and O-H bending  

920–950  Symmetric C-O stretching (ether) 

820 O-H out-of-plane vibration 

610 Al-O stretching  

460–450 Symmetric Si-O-Si stretching 
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The result of FTIR analysis of poly (vinyl alcohol) thin film is shown in Fig. 8. In 

this case a wide absorption was seen around 3286 cm
−1

. Hydrogen bonded hydroxyl 

groups and the absorbed moisture having O-H stretching vibrations contribute to it. 

Free OH groups are doubtful to be here in the scheme as in that case the absorptions 

would have been at still upper wave number range [133]. PVA soak up distinct 

quantity of humidity to achieve balance with the moisture stage of the surroundings in 

the existing temperature circumstances. The absorbed humidity remains hydrogen 

bonded to the PVA medium. Various water of condensation that are maintained inside 

the film owing to the polar nature of the phase, also donate to this big absorption at 

3286 cm
−1

.
 
A mild absorption due to C-O symmetric stretch in aliphatic ether is 

detected at 856 cm
−1

 in PVA. During the dissolution of PVA in boiling water, this peak 

appears because of etherification reactions in a few vicinal OH groups.  

An absorption band in the area of 1442 cm
−1

, which overlaps with the C-H 

deformation vibrations in the similar section, gives rise due to characteristic O-H in-

plane deformation vibration of alcoholic OH groups in PVA [133] and therefore 

cannot be divided in the figure. The adjoining small band at 1320 cm
−1

 is also the 

joint absorptions owing to C-H and O-H bending in the composite. Small absorptions 

around 1666 cm
−1

 for carbonyl stretches take place because of a number of trace 

acetate groups in the polymer.  

The C-O stretching and O-H bending vibrations showed absorption at 1103 cm
−1

 in 

uncontaminated PVA [133]. A strong absorption band is observed for the sample in 

the area of 2916 cm
−1

 owing to C-H stretching.  
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Table 4: Comparisons of characteristic absorption peaks for PVA, PVA/silica and 

PVA/alumina  thin film composites of FTIR analysis 

Wave number  of PVA  

 (cm
−1

) 

Wave number of PVA/silica 

 (cm
−1

) 
Wave number of  PVA/alumina 

 (cm
−1

) 

3286.702 3294.418 3294.418 

2916.37 2939.516 2916.37 

 2376.301 2384.017 

2314.579 2306.864 2106.267 

1666.497 1697.358 1712.789 

1442.754 1427.324 1419.609 

1319.31 1327.025 1303.88 

  1211.296 1157.29 

1103.283 1064.706 995.269 

856.394 848.679 887.255 

    786.957 
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The result of Fourier Transform Infrared (FTIR) spectroscopic study for the 

representative PVA/silica thin film composite is revealed in Fig. 9. In every case, 

there is a shift of absorption observed around 3294 cm
−1

 from 3286 cm
−1

 from that of 

clean poly (vinyl alcohol). It is because of the free OH groups in the system as in that 

case the absorptions could be seen at higher wave number area [133]. Uncondensed 

silica and water of condensation, which are maintained inside the composites, also 

donate to this wide absorption at 3294 cm
−1

.
 
As most of the hydroxyl groups remain 

hydrogen bonded to the matrix, the silica are also anticipated to generate secondary 

connections among core chain backbones of PVA or with extra silica groups formed in 

the system or yet with the entrapped water. The possibility for the relations among 

OH groups of PVA as compared to extra silica groups and water is high because of the 

enormous concentrations of hydroxyl groups in the PVA template. This attitude is in 

line with the former information on PVA/silica scheme [134, 135]. Furthermore, the 

acid catalyzed condensation and hydrolysis of silicon ethoxide produces ethanol as 

by-product of the reaction. As a result, ethanol traces, if entrapped inside the PVA 

medium might also make the peak wider.  

A mild absorption due to C-O symmetric stretch in aliphatic ether detected at 856 

cm
−1

 in PVA also shifts to 849 cm
−1

. Thus, PVA -silica shows to form an interactive 

organic-inorganic hybrid scheme wherever the inorganic silica part is hydrogen 

bonded to the organic part of poly (vinyl alcohol). The firmness of the structure of the 

polymer is possibly amplified by these hydrogen bonds which can be realized by the 

failure in elasticity of the hybrid composite films in contrast to pure PVA.  

An absorption band in the area of 1427 cm
−1

 is given by characteristic O-H in-plane 

twist vibration of alcoholic OH groups in PVA. The neighboring collective 

absorptions due to C-H and O-H bending in the samples at 1327 cm
−1

 also shifted 

from 1319 cm
−1

. Minute absorptions in the region of 1666 cm
−1

 for carbonyl stretches 
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(owing to some remains of acetate groups in the polymer) are disturbed to 1697 cm
−1

. 

These three bands are present in each one sample with about similar intensities (Fig. 

10). 

Absorption shown at 1103 cm
−1

 in uncontaminated PVA due to the C-O stretching 

and O-H bending vibrations has transferred to 1064 cm
−1

 [133]. At the similar 

wavelength also appeared absorptions because of Si-O-Si attachments (asymmetric 

Si-O-Si stretch). With the boost in the silicon ethoxide concentration in the hybrid 

composites, the strength of this absorption band is decreased as well as there is a peak 

transfer of 10–15 cm
−1

 towards upper side (Fig. 10). It chiefly owes to ring and chain 

kind of silica development inside the hybrid composite [133]. Additional absorption 

bands like the asymmetric Si-O-C stretch (owing to chemical cross-linking of silica 

and PVA) and asymmetric C-O stretch (due to ether linkage) can impede in this 

region. Chemical cross-linking might not be the cause as the composites are 

synthesized in room temperature. In addition each of the PVA/silica hybrids are 

soluble in boiling water as that of pure PVA. A strong absorption band shown for the 

sample in the area of 2916 cm
−1

 owing to C-H stretching has changed its value to 

2939 cm
−1

.Similar red, blue shifts are seen in the case of PVA-alumina, and the 

comparison of absorption bands is shown in the table 4. Absorption spectra are 

separated from each other @ 70% on Y-axis values for comparison, in the graph (Fig. 

10). 
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3.3 SCANNING ELECTRON MICROSCOPIC (SEM) 

OBSERVATIONS 

Scanning electron microscopy (SEM) was performed to observe morphology of the 

PVA, PVA/silica and PVA/alumina composite thin films (Fig. 14, 15&16).  

Scanning electron microscopic image of Pure PVA Fig. 14 shows approximately 

smooth surface except some of its own bulging. The representative PVA/silica thin 

film composite is presented within Figure. 15. Bright crystalline particles in the 

micrograph are the silica contents. The standard sizes of these particles are in the 

range of 5–10 um in the silica-loaded composites. When the concentrations of silicon 

ethoxide (i.e. silica) are little silica, particles in the composites are divided and 

evidently, there is no silica complex arrangement in the mass at the less silicon 

ethoxide concentrations. However, for the composites containing 30% of silicon 

ethoxide (SEO 30), the silica particles have developed larger in distance and the 

average measurement increases. A boost in the silicon ethoxide concentration induces 

an advanced degree of polycondensations reactions, which in response increases the 

volume of the in-situ generated silica particles in SEO 20 hybrid composites. SEO 30 

exhibits even bigger silica particles as compared to SEO 20. These individual particles 

can themselves make three dimensional silica networks as the precursor silicon 

ethoxide contains three hydrolysable butoxy groups. In the mass of the organic 

medium indications of localized silica, agglomerations are nearby relations of silica 

particles in SEO 30 organic-inorganic thin film composites.  
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Figure 14 SEM Micrograph of representative PVA thin film 
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The presence of PVA in the mixture does not create any drastic change in reaction 

conditions for the hydrolysis and condensation of silica. However, the polymer 

concentration and viscosity was found to significantly, affect the tendency of co-

condensation of silica within PVA. It appears that when the PVA concentration (and 

hence viscosity) is lower, the silica has a higher tendency to undergo self-

condensation reaction. At intermediate PVA concentration co-condensation is 

favoured while at higher concentration self-condensation again becomes the dominant 

reaction. This was concluded from a study of the SEM micrographs of the composites 

shown for three compositions. Fig. 15 shows the SEM micrograph of composite 

prepared from SEO 50 i.e. 15.2% silica in PVA. In this case, there is no large-scale 

aggregation of silica particles and the pattern of dispersion is uniform. The SEM 

micrograph in Fig. 15 shows square or rectangular shaped silica. An explanation for 

this may be that the extended ramified structure of silica adopts a square configuration 

in acidic media. Landry and Coltrain have reported such a mechanism. In acidic 

media the individual squares are small and not densely crosslinked. The observed 

square shaped morphologies of the SiO2 domains might be due to collapse of the 

silica acidic polymer chains during shrinkage [100]. At low PVA concentration, the 

number of hydroxyl groups from PVA is low and therefore the condensation 

mechanism primarily involves linkages between the hydroxy groups from silica. At 

intermediate concentrations of PVA, the number of hydroxy groups is sufficiently 

large to allow for a co-condensation mechanism and therefore we get homogenous 

sol-gel dispersions and uniformly dispersed silica. At higher concentrations of PVA, 

self-condensation and co-condensation seem to proceed at equal rates because 

hydroxy groups from PVA might show an increasing tendency to form linkages 

among themselves [93]. 
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Figure 15 SEM Micrograph of representative PVA –silica thin film 
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SEM image of poly (vinyl alcohol)-alumina thin film composite having 50 % of 

aluminum butoxide (ABO) (12.92 % alumina) is presented in Fig. 16. The alumina 

particles in the SEM image are seen as crystalline particles. The low alumina 

encumbered composites (ABO 10) have the average dimensions in the range of 1–2 

um of these particles. When the concentrations of aluminum butoxide (alumina) are 

low alumina particles inside the PVA thin film are divided and obviously, there is no 

alumina network formed in the sample at the less aluminum butoxide concentrations. 

However, the alumina particles have developed bigger in diameter and the average 

dimension increases for the composites containing 30 % of aluminum butoxide (ABO 

30). A raise in the aluminum butoxide concentration forces a higher degree of 

polycondensations reactions that in reverse boost the size of the in-situ produced 

alumina particles in ABO 20 thin film. ABO 30 exhibits even bigger alumina particles 

as compared to ABO 20. As the precursor, aluminum butoxide has three hydrolysable 

butoxy groups. These individual groups would be able to form three dimensional 

alumina networks. Secure relations of alumina particles in ABO 30 organic-inorganic 

thin film are symptoms of restricted alumina agglomerations in the mass of the 

organic template. 

The presence of PVA in the mixture does not create any drastic change in reaction 

conditions for the hydrolysis and condensation of alumina. However, the polymer 

concentration and viscosity was found to significantly, affect the tendency of co-

condensation of alumina within PVA. It appears that when the PVA concentration (and 

hence viscosity) is lower; the alumina has a higher tendency to undergo self-

condensation reaction.  
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Figure 16 SEM Micrograph of representative PVA –alumina thin film 
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At intermediate PVA concentration, co-condensation is favoured while at higher 

concentration self-condensation again becomes the dominant reaction. This was 

concluded from a study of the SEM micrographs of the composites. Large-scale 

aggregations of alumina particles are visible from this photograph. Fig. 16 shows the 

SEM micrograph of composite prepared from ABO 50. In this case, there is no large-

scale aggregation of alumina particles and the pattern of dispersion is uniform. The 

SEM micrograph shows square shaped alumina. An explanation for this may be that 

the extended ramified structure of alumina adopts a square configuration in acidic 

media. Landry and Coltrain have reported such a mechanism. In acidic media, the 

individual square are small and not densely crosslinked. The observed disc shaped 

morphologies of the Al2O3 domains might be due to collapse of the alumina acidic 

polymer chains during shrinkage [100]. At low PVA concentration the number of 

hydroxyl groups from PVA is low and therefore the condensation mechanism 

primarily involves linkages between the hydroxy groups from alumina. At 

intermediate concentrations of PVA, the number of hydroxy groups is sufficiently 

large to allow for a co-condensation mechanism and therefore we get homogenous 

sol-gel dispersions and uniformly dispersed alumina. At higher concentrations of 

PVA, self-condensation and co-condensation seem to proceed at equal rates because 

hydroxy groups from PVA might show an increasing tendency to form linkages 

among themselves [93]. 

The size of PVA/silica is bigger than that of PVA/alumina. This confirms our 

results from UV-Vis studies about interaction by bigger silica particles involvement in 

absorption. 
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3.4 ENERGY DISPERSIVE X-RAY (EDX) MAPPING 

The consequences of Energy Dispersive X-ray studies of PVA, silicon, and 

aluminum in element form in the PVA-silica and PVA-alumina composites are shown 

in Fig. 17, 18 and 19.  The Figure demonstrates homogeneous dispersion of elemental 

silicon, and aluminum in the PVA matrix. 

Silicon content in the matrix varies regularly by varying amount of silicon ethoxide 

(SEO). Pure PVA thin film contains none of the silicon contents and SEO 10 thin 

films reveals the smallest silicon in the medium (Fig. 18) as anticipated. The silicon 

increases in SEO 30 in comparison to that in the SEO 10 film. Larger is the proximity 

of the silica particles to everyone in the SEO 50 thin film having 50 % of silicon 

ethoxide (SEO). Practically the EDX study shows uniform dispersal of silica inside 

the PVA template (Fig. 20). 

Similarly, aluminum content in the matrix varies regularly by varying amount of 

aluminum butoxide (ABO). Pure PVA thin film contains none of the aluminum 

contents and ABO 10 hybrid film infers the less aluminum in the medium (Fig. 19) as 

estimated. As compared to that in the ABO 10 composite, aluminum boosts that of 

ABO 30. The immediacy of the alumina to one another in the ABO 50 thin film 

having 50 % of aluminum butoxide (ABO) is high. Virtually the EDX analysis infers 

uniform dispersion of alumina within the PVA matrix (Fig. 21). 



51 

 

 

Figure 17 EDX spectrum of PVA 

 

Figure 18 EDX spectrum of PVA-silica 

 

Figure 19 EDX spectrum of PVA-alumina 
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Figure 20 EDX study of the PVA-silica Hybrid Composites. 

 

Figure. 21 EDX study of the PVA-alumina hybrid composites. 
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3.5 X-RAY DIFRACTOMETRY (XRD) PATTERN 

The XRD patterns were performed to find out crystalline morphology of the PVA, 

PVA-silica and PVA-alumina composite thin films.  

The XRD patterns of PVA thin film (Fig. 22) revealed that the PVA shows peak at 

around 31.6, 44.7 and 65.1 of 2 θvalues.Fromthis, we can infer the crystallinity of 

thin film of PVA. 

 In the amorphous part of PVA polymer template, the fragment movement further 

willingly takes place. XRD pattern points out the wide bulge among 16 and 22 and 

this is connected to amorphous field in poly (vinyl alcohol) thin film [138]. 

XRD patterns of poly (vinyl alcohol)-silica thin film composite (Fig. 23) revealed 

that the large peak was at around 31.7, 44.7 and 65.1 like that of pure PVA. From this, 

we can infer that the crystallinity of the thin film is mainly due to PVA nature.  

It was discovered that the intention of crystalline domain of composite poly (vinyl 

alcohol) has improved with addition of silica. Movement of fragment of the poly 

(vinyl alcohol) host enhances the mobility of crystals and the composite is restricted. 

The boost of crystallinity by increase of SEO is explained as being due to a hopping 

mechanism among coordinate sites, local structural relaxation and Movement of 

fragment of thin film. The consequences of XRD study for composites of poly (vinyl 

alcohol)-silica are revealed in Figure. 24. XRD analysis of poly (vinyl alcohol)-silica 

composite film reveals also a wide lump among 16 and 22, which is connected by the 

shapeless field of poly (vinyl alcohol) polymer medium.  

Peak at 32 (2-θ) increasing, which means that with the addition of more silica the 

crystallinity, is increasing. 
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The XRD patterns of PVA-alumina thin film composite (Fig. 25) revealed that the 

large peaks were at around 31.6, 44.7 and 65.1 like that of pure PVA. From this, we 

can again infer that the crystallinity of the thin film is mainly due to PVA nature.  
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         It was observed that the crystalline nature of poly (vinyl alcohol) was improved 

when the ABO was added to make composites. The boost of crystallinity with ABO is 

explained as of a hopping means among coordinate sites, confined structural lessening 

and motions of segments of the polymer. Fig. 26 reveals the consequences of XRD 

studies for composites of poly (vinyl alcohol)-alumina. It shows a wide lump among 

16 and 22 (2-θ) which is connected by the shapeless field of poly (vinyl alcohol) 

polymer medium. The peak at 32 (2-θ) is increasing which mean that with the 

addition of more alumina the crystallinity is increasing. 

The comparative XRD patterns of PVA-silica and alumina thin film composites are 

shown in Fig. 27. It was discovered that the crystalline field of composite poly (vinyl 

alcohol) was amplified when the SEO or ABO was added. Motion of segments of the 

PVA polymer host increases the crystalline mobility. The boost of crystallinity with 

praise of ABO or SEO is explained as of a hopping means among coordinate sites, 

confined structural lessening and motions of segments of the polymer. XRD analysis 

of poly (vinyl alcohol) – alumina and poly (vinyl alcohol) – silica composite films 

also reveal a wide lump among 16 and 22, which is connected by the shapeless field 

of poly (vinyl alcohol) polymer medium. It is also exposed from Table 5. 
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Table 5:  2-θ values of Different Composite films from XRD pattern 

PVA PVA-silica PVA-alumina 

12 12.7   

14.7 15   

  16.4   

19.6 19.7 19.6 

22.9 22.3 22.9 

25.4   25.8 

28.3 28.4 28.3 

31.6 31.7 31.6 

34.6 34.6 34.6 

36.6   36.6 

38.5   38.5 

40.2 40.3 40.2 

  41.5   

42.2 42.6 42.2 

44.7 44.7 44.7 

50.6 50.8   

52.2     

  53.4   

  54.4   

56.3 56.6 56.3 

59.1     

65.1 65.1 65.1 

66.2     

69.5     
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3.6 THERMOGRAVIMETRIC/ DIFFERENTIAL THERMAL 

(TG/TDA) ANALYSIS  

Thermogravimetric/ Differential Thermal (TG/TDA) analysis of PVA and its 

different composites are comprehensively described here. TG/DTA curves (Fig. 28 & 

29) are shown for PVA.  

Figure 28 is the TG curve of the PVA after drying. The TGA curve of the virgin 

PVA polymer shows that there is the thermal stability of the PVA film up to 370 K 

(97 
o
C). From ambient to 820 K of temperature; there were three apparent weight loss 

steps [139]:  

(a) Prior to 500 K, a weight drop of 7% was due to the evaporation of surface and 

structural water. Since the film pattern was dried at 298 K, there was yet a little water 

in the template.  

(b) The large weight loss of 75% between 500 K and 738 K is attributed to the 

decomposition and combustion of the PVA film template.  

(c) In the temperature range of 738 K to 820 K, a weight loss of 18% was due to the 

transformation from carbon black to carbon dioxide. As temperature was increased 

beyond 820 K, no mass loss might be noted. The mass drop was around 100%. 

The whole process is supported by DTA curves (Fig. 29). Continuous heat flow is 

endothermic from 310 K until 502 K and this is the melting point. At 502 K due to 

melting point, a little bit exothermicity is shown but still it is endothermic up to about 

680 K than combustion takes place. 
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TG/DTA curves (Fig. 30&31) are shown for PVA and its silica composites.  

Figure 30 is Thermogravimetric curve of PVA-silica thin film i.e., PVA with silica 

after drying. The TGA curves (Fig. 30) show that there is a decrease in the thermal 

stability of the PVA-silica composites in comparison to the virgin polymer. The initial 

decomposition temperature for pure PVA was 370 K but for the composites 

degradation starts at around 306 K. The decrease in thermal stability for the 

composites suggests that thermal motion of PVA chain was prevented due to cross-

linking with the silica network. From ambient to 930 K of temperature, there were 

three apparent weight loss steps [139]:  

(a) Prior to 416 K, a weight drop of 9% was due to the evaporation of surface and 

structural water. Since the film pattern was dried at 298 K, there was yet a little water 

in the template. 

(b) Starting 416 K toward 684 K, a mass loss of 41% was credited to the 

decomposition and degradation of PVA-silica composite that now started evaporating.  

(c) The weight loss of 24% between 684 K and 777 K was related to the 

combustion of film pattern. 

(d)  In the temperature series of 777 K to 930 K, a weight loss of 23.5% was due to 

the conversion from SiOH to SiO2. As temperature was further increased beyond 930 

K, no mass loss might be noted. The mass drop was around 97.5%.  

Whole process is supported by DTA curves (Fig. 31). Continuous heat flow is 

endothermic from 310 K until 680 K and this shows no prominent melting point. At 

about 690 K, combustion takes place and exothermicity is shown. By increasing silica 

concentration melting point is disturbed (Fig. 32). 
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TG/DTA curves (Fig. 33 & 34) are shown for PVA and its alumina composites.  

Fig. 33 is the Thermogravimetric curve of PVA-alumina thin film i.e., the PVA 

among alumina after drying. The TGA curves (Fig. 33) show that there is a decrease 

in the thermal stability of the PVA-alumina composites in comparison to the virgin 

polymer. The initial decomposition temperature for PVA is at 370 K but for the 

composites degradation starts at around 360 K. The decrease in thermal stability for 

the composites suggests that thermal motion of PVA chain was prevented due to 

cross-linking with the alumina network. From ambient to 890 K of temperature, there 

were three apparent weight loss steps:  

(a) Prior to 460 K, a weight loss of 12% was due to water evaporation from surface. 

As the film pattern was dried at 298 K, yet there was little water in the complex.  

(b) Until 520 K from 460 K, a 22% loss of weight was owing to the evaporation of 

structural water. 

(c) 12% loss of weight among 520 K and 685 K was credited to the degradation and 

decomposition of the PVA-alumina composite.  

(d) Between 685 K and 790 K, the large weight loss of 24% was related to the 

combustion of the film pattern. 

(e) 790 K to 890 K of the temperature range, a 20% of weight loss was Due to the 

transformation from c-AlOOH to c-Al2O3., after 890 K no weight loss could be 

detected. About 91% was the total weight loss [139]. 

Whole process is supported by DTA curves (Fig. 34). Continuous heat flow is 

endothermic from 310 K until 480 K and this is the melting point. At 480 K due to 

melting point, a little bit exothermicity is shown but still it is endothermic up to about 

680 K, then combustion takes place. By increasing alumina concentration melting 

point is disturbed (Fig. 35). 
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PVA, PVA-silica and PVA-alumina shows different TG/DTA curves and it is clear 

from Fig. 36 and 37. 
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3.7 THERMAL CONDUCTIVITY (TC) 

The samples used for Thermal Conductivity (TC) measurement were PVA and its 

different composites. Fig. 38 & 39 show the Thermal conductivity of the composites 

as a function of silica or alumina content.  

The Thermal Conductivity (TC) of PVA composites showed decrease in initial 

staged when the amount of silicon ethoxide and aluminum butoxide were small (up to 

20% silicon ethoxide and 10% aluminum butoxide). However, beyond 20% for 

silicon ethoxide and 10% for aluminum butoxide the Thermal Conductivity (TC) 

showed increase. This means that there is a threshold value for Thermal Conductivity 

(TC) depending upon the added filler. Up to this value, decrease is shown while 

beyond this there is increase. Such behavior is also shown by another work in our lab 

(Gulfam thesis M.Phil.). [40] 

In the initial stage, the incorporation of added particle adjusts in PVA structure and 

during this process; the energy is consumed within the molecule of composite. This 

happen up to certain limit of added amount but when that limit is reached further 

addition of particles increase the thermal conductance in the PVA. There is a little 

difference between behavior of silica and alumina addition. In case of silica after 

threshold limit further increase in silica content increase the Thermal Conductivity 

(TC) while in case of alumina it is increased and then decreased but overall it shows 

increase for threshold limit. 

With rising concentration of alumina Thermal Conductivity (TC) drops quickly for 

little alumina contents (from about 0.35 to 0.25 decrease after the addition of 10% 

aluminum butoxide; see Fig. 38) then rapidly increases as the alumina content 

increases.  

The TC of composites comes from the charged alumina particles. The fewer quick 
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dive of Thermal Conductivity (TC) of composites with superior extent of alumina is 

constant among aggregation of alumina particles in thin film with upper alumina.  
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Figure 38: Thermal Conductivity (TC) of PVA-silica composites under different 

silica concentrations.  
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Figure 39: Thermal Conductivity (TC) of PVA-alumina composites under different 

alumina concentrations.  
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3.8 MECHANICAL STRESS-STRAIN PROPERTIES 

The mechanical characteristics of the composites is affected by the attendance of 

some subsequent phase (scatter phase in the shape of polymer or filler), in a polymer 

medium (scatter media) depending on the nature of the dispersed phase, surface 

characteristics, relative concentration of the two phases, distribution of one phase in 

another, surface area domain size and shape, adhesion between two phases, size of the 

particles, and in particular degree of compatibility. 

The mechanical properties change by changing the composition of components as 

well as with the applied force thus making the mechanical properties more 

complicated and difficult to be analyzed. Mechanical properties were determined from 

tensile properties of the prepared samples. Stiffness is insensitive to change in 

miscibility and structure but yield stress and tensile strength depend strongly on these 

qualities. 

Under an applied tensile stress, the Hooke's Law region occurs first, when the 

abrupt growth of the stress is accompanied by comparatively small elongation values. 

Beyond this region, the polymer softens and the slope of the stress–strain curves 

decreases becoming apparently linear once again. At comparatively high elongations 

the slopes of the curves rise, again, (strain hardening due to the finite extensibility of 

the polymer chains). Eventually fracture occurs. The fracture is characterized by its 

characteristic stress and strain, which are also called ultimate strength (σb) and 

elongation at break ( b).   

A stress-strain curve can be divided into three regions depending upon the physical 

behaviour of the materials. The first linear part of the curve i.e. up to 2% strain is 

elastic region of the materials where the deformation produced in the material by 

applying force is reversible after removing the stress. The second region is called the 

yielding region where the chains in the material start flowing and the third part is the 
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plastic region, which represents the permanent or irreversible deformation of the 

material under external applied force.  

Initial linear portion of the stress-strain curve is used to determine the tensile or 

young’smodulus which is a measure of stiffness of material. The stress–strain curve 

of fragile materials expands about linearly up to a short break strain. The stress-strain 

curve goes through utmost in the stress, if the material shows elastic character. For 

elastic polymers, bend continues away from the yield end and crack ultimately takes 

place. Decisive properties of the material are the crack stress (tensile strength) and the 

crack strain (elongation at break) [136]. 
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3.8.1 Tensile properties 

The results of the stress–strain measurements of PVA and poly (vinyl alcohol) - 

silica thin films are revealed in Figure 40. Stress-strain curves show ductile to 

brittle transition with the addition of silica to PVA. The stress-strain curve 

exhibited by SEO 50 is typically that of brittle or glassy polymer. The stress-strain 

curve of PVA showed ductile deformation and undergoes a uniform yielding over a 

wide range. The strain-to-break of the PVA film is much higher than SEO 50 film. 

Four diverse portions characterize the stress-strain curve of PVA: 

 (1) A first linear area, the slope of PVA gives tensile modulus value of about 436.89 

N/ mm 
2
.  

(2) At a stress of 25.716 N/mm 
2
 and at a strain of 12.276% (similar to that of 

elongation at break), PVA exhibit a yield position.  

(3) Yielding is followed through post yield fall in the stress due to strain softening. 

(4) A last area, the stress steadily boosts by increasing strain. Neat PVA experienced a 

characteristic double yield (probably due to residual humidity and it starts its plastic 

regime at an upper yield stress. In addition, eventually the specimen fractures at a 

stress and strain of about 65.637 N/mm 
2 

and 251.62 % respectively. 
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Figure 40: Stress-strain curves of tensile for PVA-silica thin film. 
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From these curves of stress-strain all tensile properties like toughness, Young’s

modulus and elongation at break for the studied system of PVA and PVA- silica 

Composites were calculated. 

Similarly, the results of the stress–strain measurements of PVA and PVA- 

alumina Composite films are revealed in Fig. 41. Stress-strain curves show ductile 

to brittle transition with the addition of alumina to PVA. The stress-strain curve 

exhibited by ABO 50 is typically that of brittle or glassy polymer. The stress-strain 

curve of PVA showed ductile deformation and undergoes a uniform yielding over a 

wide range. The strain-to-break of the PVA film is much higher than ABO 50 film. 

Four diverse portions characterize the stress-strain curve of PVA: 

(1) The slope of PVA gives tensile modulus value of about 436.89 N/mm 
2 

which is 

the first linear area where  

(2) At a stress of 25.716 N/mm 
2
 and at a strain of 12.276% (similar to that of 

elongation at break), PVA exhibit a yield position.  

(3) Post yield fall in the stress because of strain softening follows yielding.  

(4) The last area, the stress steadily boosts with rising strain. Neat PVA experienced a 

characteristic double yield (probably due to residual humidity and it starts its plastic 

regime at an upper yield stress. In addition, eventually the specimen fractures at a 

stress and strain of about 65.637 N/mm 
2 

and 251.62 % respectively. 

From these stress-strain curves all the tensile properties like toughness, Young’s

modulus, and elongation at break for the studied system of PVA and PVA- alumina 

Composites were calculated. 

Poly (vinyl alcohol) has exposed actions special of a plastic material among 

considerable yielding. The mechanical energy provided to the poly (vinyl alcohol)  

film is competent of breaking equally inter as well as intra-molecular hydrogen bonds, 

after resisting the early load, and causes uncoiling of the poly (vinyl alcohol)  chains. 
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Long molecular chains then reorient further to exhibit stress-induced crystallization 

[47] (Fig. 40). The thin film eventually fails after considerable yielding that signifies 

sufficient ductility in the material. Momentous development in tensile potency in 

silica/alumina thin films above the control poly (vinyl alcohol) was observed. Sharp 

rises with filler loading is seen in the section of the curve at which breaking of 

hydrogen bonds and PVA chain de-coiling occurs. This shows a decline in ductility of 

the medium owing most likely to the secondary contacts that take place at the 

interfaces of particles and the hydroxyl groups from the poly (vinyl alcohol). Ductility 

of thin film suppresses completely at high concentration due to improved connections 

at the organic-inorganic interfaces. Fragile behaviour of thin films is shown by tensile 

curves having extremely elevated modulus and little elongation [23].  
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Figure 41: Stress-strain curves of tensile for PVA- alumina thin film.  
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3.8.2 Young’s Modulus and Tensile strength 

Tensile,orYoung’s modulus, is the ratio of stress to strain within the elastic region 

of the stress-strain curve (prior to the yield point) and is called the stiffness of the 

material. The tensile modulus was measured at very low strains where the 

proportionality of stress to strain was at its maximum. Its value is associated with the 

intermolecular or interchain interactions.  

The tensile modulus of the PVA and PVA- silica Composite films as a function 

of wt percentage of silica contents has been plotted in Fig. 42. 

Tensile strength is the ability of a material to withstand tensile loads    without 

rupture when the material is in tension. The tensile modulus of the PVA and PVA- 

silica Composite films as a function of wt percentage of si lica contents has been 

plotted in Fig. 43. Tensile strength boosts by raise in the weight percent of silica. 

Increase in tensile strength of PVA- sil ica composite might be result of the 

physical relations among silica and PVA during formation of hydrogen bond 

between CHOH group of PVA and oxide group of silica. This interaction gives extra 

strength to the composite. 

The modulus has been noticeably enhanced by the contact at the organic-inorganic 

crossing point, which has been considered from the tensile stress-strain curves via 

taking into consideration the slope in the initial linear area. Fig. 42 shows the 

deviation in modulus on raising the concentration of silica. Tensile modulus of poly 

(vinyl alcohol) and PVA- alumina thin films as a function of wt % alumina 

contents has been plotted in Fig. 44. 

Tensile strength is the ability of a material to withstand tensile loads without 

rupture when the material is in tension. The tensile modulus of the PVA and PVA- 

alumina Composite films as a function of wt percentage of alumina contents has 
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been plotted in Fig. 45. Tensile strength boosts by raise in the weight percent of 

alumina. Increase in tensile strength of PVA- alumina Composite might be 

result of the physical relations among alumina and PVA during formation of 

hydrogen bond between CHOH group of PVA and oxide group of alumina. 

The modulus has been noticeably enhanced by the contact at the organic-inorganic 

crossing point, which has been considered from the tensile stress-strain curves via 

taking into consideration the slope in the initial linear area. Fig. 44 shows the 

deviation in modulus on raising the concentration of alumina.  

The curves reveal a primary subsidiary boost in modulus of the film beyond which 

the addition becomes sharper. Tensile strength also increases as illustrated in Fig. 43 

& 45. In PVA the silica phase has been equally distributed that helps to get better the 

potency. This is owing to the improved energy indulgence in the medium on relation 

of strengthening. Backbone chain stiffening in the medium is caused by surplus 

hydrogen bonds in the PVA thin films compared to pure poly (vinyl alcohol) and 

lessens ductility in the hybrid composites [23].  

With increase in wt percentage of inorganic contents, the Value of initial modulus 

increases.ThesamebehaviorofYoung’smodulushas been reported by Belhaneche et 

al. [137]. 
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          Figure 42: VariationinYoung’smoduluswithwtpercentage of SEO. 
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Figure 43: Variation in tensile strength with wt percentage of SEO. 
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Figure 44: VariationinYoung’smoduluswithwtpercentage of ABO. 



93 

 

 

 

 

 

AB010 AB020 AB030

45

50

55

60

T
e

n
s
ile

 S
tr

e
n

g
th

 (
N

/m
m

2
)

ABO(%)

 

Figure 45: Variation in tensile strength with wt percentage of ABO. 
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3.8.3 Elongation at break  

Fig. 46 shows variation in elongation at break with wt percentage of SEO. 

Elongation at break is the strain at failure or percent change at failure.  

The failure strain decreases with the addition of the SEO. Addition of rigid filler 

restricts the mobility of the PVA polymer molecules to flow freely past one another 

and thus causes premature failure. It can also be suggested that the miscibility of SEO 

chains weaken dipole-dipole interaction between PVA chains and resulting in an 

increased PVA crystallinity degree and decreases PVA glass transition temperature.  

Fig. 47 shows variation in elongation at break with wt percentage of ABO. Elongation 

at break is the strain at failure, or percent change at failure.  

The failure strain decreases with the addition of the ABO. Addition of rigid filler 

restricts the mobility of the PVA polymer molecules to flow freely past one another, 

and thus causes premature failure. It can also be suggested that the miscibility of ABO 

chains weaken dipole-dipole interaction between PVA chains and resulting in an 

increased PVA crystallinity degree and decreases PVA glass transition temperature.  

The elongation at break values shows a quick decline in the hybrid composites. 

Molecular reformation and raise in polymer chain, rigidity consequences in worse 

elongation at rupture [23].  
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  Figure 46: Variation of elongation at break with wt percentage of SEO. 
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Figure 47: Variation of elongation at break with wt percentage of ABO. 
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3.9 WATER UPTAKE / WATER RESISTANCE SWELLING INDEX 

PVA is a water-soluble polymer and the quantity of the accessible hydroxyl groups 

controls its water solubility. The moisture of the environment also causes PVA to soak 

up a little humidity on relation of the hydrophilic nature of these hydroxyl groups. 

The polymer is soluble in water in ambient circumstances for the PVA of lower to 

medium hydrolyzed grade but the hydrolyzed grade PVA of 98% used in the this 

research is soluble merely in boiling water due to the extra intra- and inter-molecular 

hydrogen bond inside the PVA medium. Throughout solvation, the intramolecular 

hydrogen bonds are mainly changed by inter-molecular hydrogen bonds among the 

pendent O-H groups in the PVA and the water molecules. This grade of PVA is 

insoluble in water at ambient situation; it is significantly proved by this. Swelling of 

the PVA films is completely because of the electrostatic interactions among polar 

water molecules and the pendent O-H groups in the PVA backbones which source 

dispersion of water molecules in the interstices of the structural display of the 

polymers [23].  

In Fig. 48, equilibrium-swelling index of the organic-inorganic thin film 

composites is plotted aligned with the concentration of silica. The maximum swelling 

index value of 130 has been revealed for Pure PVA that steadily lessens to 62 at the 

maximum silica concentration. An equilibrium swelling of thin films is obtained after 

72 h in water in ambient surroundings. The arrangement of inter-molecular hydrogen 

bonds at the interfaces of end-capped silica groups produced from SEO have been 

described by FTIR spectroscopic analysis and the pendent hydroxyl groups of the 

PVA backbones, which in reverse consequences in structural stiffness inside the thin 

film composites. The interstitial voids in the medium are decreased by this regularized 

structure and by this, means restrain the affinity of water molecules to disperse in the 

mass and bloat the complete thin films [23]. 
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Figure 48: Plot of Equilibrium water swelling indices for PVA-silica thin film 

composites aligned with silica concentration.  
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The huge decrease in the swelling index value for SEO 10 thin films, from the 

value for clean PVA has illustrated this thing. Regular decline in the inter-molecular 

hydrogen bonds is estimated to take place with more raise in SEO concentration as of 

20 to 50 % and as a result, the equilibrium swelling index value for thin film systems 

display a more descending tendency. Minimum of 62% decreasing in equilibrium 

swelling index value for the maximum silica containing thin films (SEO 50) 

compared to uncontaminated PVA (Fig. 48) is explained.  

In Fig. 4, equilibrium-swelling index of the organic-inorganic thin film composites 

is plotted aligned with the concentration of alumina. The minimum swelling index 

value of 130 has been revealed for Pure PVA that steadily increases to 370 at the 

maximum alumina concentration. An equilibrium swelling of thin films is obtained 

after 72 h in water in ambient surroundings. The arrangement of inter-molecular 

hydrogen bonds at the interfaces of end-capped alumina groups produced from ABO 

have been described by FTIR spectroscopic analysis and the pendent hydroxyl groups 

of the PVA backbones which in reverse consequences in structural stiffness inside the 

thin film composites. The interstitial voids in the medium are increased by this 

regularized structure and by this, means release the affinity of water molecules to 

disperse in the mass and swell up the complete thin films [23]. 

The huge increase in the swelling index value for ABO 10 thin films, from the 

value for clean PVA has illustrated this thing. Regular raise in the inter-molecular 

hydrogen bonds is estimated to take place with more raise in alumina concentration as 

of 3 to 13% and as a result, the equilibrium swelling index value for thin film systems 

displays a upward tendency. Maximum of 240% increasing in equilibrium swelling 

index value for the maximum alumina containing thin films (ABO 50) compared to 

uncontaminated PVA (Fig. 49) is explained.  

Pereira et al. [92] and Nakane et al. [93] who investigated the rate of hydrolysis for 
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PVA/silica hybrid materials have also reported that the solubility and degree of 

swelling in water decreased linearly with silica content in the composites. This 

implied that materials with controllable hydrolysis could be synthesized by 

controlling the silica content in the composites. Possible applications of this behaviour 

could be as water perm selective membranes or as immobilization carriers for 

biocatalyst. As alumina is hydrophilic in nature, therefore, its composites with PVA 

also attract water and swelling index is increasing with increasing concentration of 

alumina. Due hydrophobic nature of silica, the swelling index is decreasing with 

increase of silica. 
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Figure 49: Plot of Equilibrium water swelling indices for PVA- alumina thin film 

composites aligned with alumina concentration.  
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3.10 CONCLUSION  

PVA-silica/alumina organic-inorganic composites have been prepared by means of 

sol-gel procedure. The precursor for silica and alumina were silicon ethoxide and 

aluminum butoxide respectively. Every thin film appears translucent. The formation 

of colloidally stable sol assisted the formation of homogenous sol-gel mixtures and 

the amount of acid catalyst used played a significant role in this. The concentrations 

of PVA and silica/alumina were significant factors affecting the formation of 

homogenous sol-gel mixtures as:  

1. SEM micrographs revealed that silica and alumina was dispersed in the PVA 

matrix without the large aggregation of particles. The size of the silica/alumina 

particles lies inside 1 to 10 um. With raise in silicon ethoxide /aluminum butoxide 

concentrations, the dimension of the silica/alumina chain length is enlarged. Uniform 

distribution of silica/alumina particles among the PVA medium has been investigated 

in EDX of thin films.  

2. The comparison of UV-Vis spectroscopic analysis of PVA - silica and PVA- 

alumina composite films showed almost similar spectrum except that peak of 335nm 

shown in pure PVA shifts towards lower wavelength with both silica and alumina. 

This change in peak position is due to the interacting particles of silica or alumina. 

Between the silica and alumina, silica is causing more effect on this peak while 

alumina is to a lesser extent, which we think is due to bigger size of silica molecules. 

UV light transmission is decreasing by increasing concentration of silica/alumina. 

3. FTIR spectroscopy failed to identify any perturbation because of blending the 

silica or alumina and PVA but only specific interaction of the hydrogen bonding 

between different groups of PVA and alumina/silica was observed. Inter-molecular 

hydrogen bond formation among the remaining silica/alumina groups and the PVA 

backbones is assigned as the main motivating energy that has avoided the macro 
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phase partition between the organic polymer and the inorganic silica/alumina in thin 

films.  

4. The PVA-silica or alumina composites offer an outstanding balance of 

toughness. Tensile results indicate that there is a compromise in properties when 

compositing silica or alumina with PVA as the addition of silica or alumina makes the 

material stronger and more useful. This is related to an increased modulus and 

decreased elongation at break with increasing silica or alumina content. With raise in 

silica/alumina concentration, the tensile modulus boosts whereas the strain at break 

reveals a reverse tendency. Highly loaded silica/alumina thin film composites have 

tolerated utmost tensile strength among the composites analysis.  

5. XRD pattern of pure PVA and PVA- silica or alumina composite pointed out 

that the extent of crystalline domain of composite poly (vinyl alcohol) has improved 

with addition of silica or alumina. The crystalline movement is amplified with 

segment wise shift of poly (vinyl alcohol) mass among sites of coordination and 

relaxation of confined structure raise the crystallinity with increase of silica or 

alumina.  

6. There is a threshold value for Thermal Conductivity (TC) depending upon the 

added filler. Up to this value, decrease is shown while beyond this there is increase.  

7. Water uptake swelling index measurements explained the hydrophilic nature 

of PVA- alumina and hydrophobic nature of PVA- silica. Structural inflexibility and 

drastically better water swelling of thin films are imparted by secondary interactions 

at the interfaces of the organic and inorganic moieties. Variation in rate of hydrolysis 

with silica/alumina content suggests that there is scope for designing materials with 

controlled compositions and examining the possible biomedical end uses of these 

composites. 

8.  The TGA curve of the PVA composites showed that there is the thermal 
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stability of the PVA film up to 370 K (97 
o
C). There was a mass drop due to 

evaporation of surface and structure water, decomposition and combustion of PVA 

film and transformation from carbon black to carbon dioxide. The whole process is 

supported by DTA curves. 

It can be concluded that we have successfully prepared thin Film of PVA-silica and 

PVA- alumina, which are thermally stable and with good strength. 
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3.11 SCOPE FOR FUTURE WORK 

The potential of the analytical techniques based on SEM, FT-IR, TG/DTA and XRD 

and Tensile test developed in this work could be applied to composites of different 

polymers with inorganic species in order to assess the applicability of these methods 

to characterize composites of various kinds. 

Although a complete analysis of the cost savings associated with compositing is 

outside the scope of the current work and was not subsequently pursued, future 

studies could assess more extensively the cost benefits of compositing existing 

polymers with inorganic species. 

The development of new polymer materials with customized properties by 

compositing two or more existing materials has almost unlimited potential for further 

development. Combinations of polymers in binary composites alone are limited only 

by composite compatibility but when combined with the use of additives such as 

inorganic species the range of potentially useful materials based on existing or 

recycled polymers is enormous. 

The future of polymer compositing technology lies in the propensity to develop 

commercially useful or specialized engineering materials that can be quickly also 

easily characterized and can have optimum physicomechanical properties. 
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