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1. Introduction

In recent years, polymer nanocomposites are the subject of increased 

interest because of the unique properties exhibited by this class of materials. In 

previous years, nanocomposites based on PVA based inorganic metal oxides 

i.e., V2O5, TiO2, CoFe2O4, Fe3O4,Graphite oxide  have been extensively studied 

[1-5]  for the impact of catalytic behavior of transition metal cations produce 

unusual  chemical  and  physical  properties  on  PVA  matrix  by  means  of 

structural variation.  These studies have received attention for application in 

many  areas,  such  as  environmentally  safe  products,  protein  purification, 

enzyme immobilization, membrane separation and biomechanical applications 

[6-9]  since  PVA has  become  a  versatile  polymer  owing  to  their  excellent 

biocompatibility,  biodegradability,  and  water  solubility  properties. 

Nevertheless, no detailed quantitative study of the nanocomposite structural 

variation  by  the  influence  of  nano  metal  oxide  has  been  reported  in  the 

literature.  The  complete  study  of  structural  change  is  the  vital  for  the 

fundamental  understanding  of  PVA-inorganic  nanocomposite  materials. 

Hence, in the present investigation, the structural modification takes place in 

PVA matrix by the catalytic activity of  five transition metal oxide, viz., Nickel 

oxide, Copper oxide, Cadmium oxide, Cobalt oxide and Manganese oxide on 

PVA  matrix  was  followed  quantitatively  by  means  of  Fourier  Transform 

Infrared-Relative Intensity (FTIR-RI) method. 

The present investigation was carried out in two steps. In the first step, 

it  was  proposed  to  undertake  the  feasibility  studies  for  synthesizing  and 

characterizing  a  stable  aqueous  dispersion  of  transition  metal  oxide 

nanomaterials by ultrasound assisted one pot method at normal temperature 

and pressure without any additional surfactant or template. In the second step, 

preparation  and  characterization  of  the  nanocomposite  was  carried  out.  It 

involved dispersing the  as-prepared  nano metal  oxide  in   PVA matrix  and 

investigating the catalytic effect of nano metal oxide with various loading (0 to 

10 % weight) on the properties of PVA/Metal oxide nanocomposites.

The present investigation was focused as the following, 

  Synthesis of nano metal oxides in one-pot sonochemical method.
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 Characterizing  the  as-prepared  nano  metal  oxide  by  transmission 

electron microscopy, spectroscopy and diffractometry.

 Preparation  of  the  stable  PVA/Metal  oxide   nanocomposites  in  an 

aqueous solution.

 Characterizing the nanocomposites by different analytical means such 

as  spectroscopy,  thermal  analysis,  stress-strain  measurement  and 

electron microscopy.

 Study the effect of varying concentration of nano metal oxides ratio on 

properties of the PVA matrix.

 Estimating the catalytic effect of nano metal oxides on PVA matrix.

 Calculating  the  kinetic  parameters  of  thermal  degradation  such  as 

reaction  order  (n),  activation  energy (Ea)  and pre-exponential  factor 

(A)  for  PVA/Metal  oxide   nanocomposites  using  Coats-Redfern 

method.

 Determination  of  thermo-degradation  reaction  mechanism  for 

PVA/Metal oxide  nanocomposites using Criado method

2. Synthesis of nano  metal oxides

Nano  transition  metal  oxides,  viz.,  Manganese,  Cobalt,  Copper, 

Cadmium and  Nickel  oxides  were  synthesized  from their  respective  metal 

acetates by sonochemical method since this technique has been proven to be a 

useful method for the preparation of novel materials with unusual properties 

and simple approach to growth oxide nanostructures at atmospheric pressure. 

First, the metal acetate was hydrolyzed by dissolving in water. The hydrolysis 

reaction  was  accelerated  by  adding  Conc.  HCl   with  simultaneous 

ultrasonication.  During the initial stage of reaction, the aqueous solution of 

metal  acetate  converted  into  metal  hydroxide  resulting  in  a  colloidal-gel 

product and acetic acid was formed as a by product. Then, further sonication 

continued at 135o C for 30 minutes. In this chemical reaction, the metal oxide 

was  formed  as  precipitate  by  dehydroxylation  of  metal  hydroxide  and  by-

product of acetic acid was removed by evaporation. Then, the precipitate was 

washed with methanol several times to remove the ionic impurities and finally 

dried under vacuum for 48 h at room temperature.  The moisture free nano 
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sized  metal  oxide  was  obtained  after  drying. The  above  mentioned  nano 

transition  metal  oxide  was successfully  synthesized  in  an  aqueous  medium 

using template free method.

2.1 Mechanism for sonochemical formation of Metal oxide nanomaterials 

The  chemical  reactions  reported  to  be  driven  by  intense  ultrasonic 

waves that are strong enough to produce cavitation are oxidation, reduction, 

dissolution, decomposition, and hydrolysis. 

a) Sonochemical Oxidation.  Mechanism of the formation of Mn3O4 

and Co3O4 nanomaterials is showed below. Radical species are generated from 

the  water  molecules.  Likely  reaction  steps  and  explanation  for  the 

sonochemical oxidation process can be summarized as follows:

The oxidant H2O2 thus generated can initiate the oxidation of Mn(II) or Co(II):

(b)  Sonochemical  Hydrolysis.  The  likely  reaction  steps  and  possible 

explanation for sonohydrolysis are as follows:

Copper, Cadmium and Nickel oxides and Manganese, Cobalt  oxides 

nanomaterials  were  formed  through  the  sonohydrolysis  mechanism  and 
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           H2O  )))))))  H●  +  OH●                     (1)

H●      +     H●      →  H2                                      (2)

OH●   +     OH●   →  H2O2                             (3)

Mn(CH3COO)2(s) → Mn2+ (aq) + 2(CH3COO-) (aq)

Co(CH3COO)2(s) → Co2+ (aq) + 2(CH3COO-) (aq)

         2Mn(II)      +     H2O2      →  2Mn(III) + 2OH- 

       2Co(II)      +     H2O2      →  2Co(III) + 2OH-   

        2Mn3+      +      6OH-        )))))     Mn2O3 + 3H2O

         2Co3+      +      6OH-        )))))    Co2O3 + 3H2O

         Cu2+(aq)      +     H2O(l)      →  Cu(O)(s) + 2H+ (aq)   

          Cd2+(aq)      +     H2O(l)      →  Cd(O)(s) + 2H+ (aq)   

          Ni2+(aq)      +     H2O(l)      →  Ni(O)(s) + 2H+ (aq)   
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sonochemical oxidation respectively. To substantiate the reaction mechanism, 

the pH values of reaction mixtures were measured before and after sonication. 

The results indicated that during the sonication H+ ions were generated in the 

formation of CuO, CdO and NiO and OH- ions were formed in the fabrication 

of Co3O4 and Mn3O4. 

2.2 Characterization of the as-synthesized nano metal oxides

All  the  as-synthesized  nano  transition  metal  oxides  products  were 

characterized by FTIR , XRD and TEM  methods. 

2.2.1 FTIR studies

    For as-synthesized  transition  metal  oxide,  the strong characteristic 

absorption band at 518 & 603 cm-1 for Mn3O4,  572 & 665 cm-1 for Co3O4, 650 

cm-1 for CuO, 1200  cm-1 for CdO and  650 cm-1  for  NiO   was observed at 

FTIR spectrum.  The presence of the broad peaks for stretching and bending 

vibration of hydroxyl group was appeared at  3200-3600 cm-1 together  with 

appearing  around at  1625 cm-1 respectively  for  all  as-  synthesized  samples 

except Mn3O4 which is free from adsorbed water molecule.  

Moreover, no other infrared active modes were observed belonging to 

the other phase of metal oxide impurities. Hence, FTIR spectra eliminated the 

possibility of simultaneous presence of various phases of metal oxides.  The 

absence of peaks for intermediate product of hydroxide group of as-obtained 

sample  indicated  that  complete  conversion  process  of  intermediate  metal 

hydroxides to metal oxides. FTIR analysis confirmed the high purity of as-

obtained samples.  These results clearly indicated that hydroxyl groups existed 

in  the  as-synthesized  samples  except  Mn3O4 which  was  free  from  water 

molecule. The FTIR result concluded that the metal oxide from their respective 

acetate precursor can be obtained by the ultrasound assisted one pot method.

2.2.2 XRD pattern

In X-ray diffraction spectrum, the observed diffraction peaks for as-

synthesized  metal  oxide  by  sonochemically  were  well-matched  with  their 

earlier  report  of  XRD  spectrum  and  a  additional  peak  at  2θ=16.1o was 

observed  for  NiO  nanocomposites  due  to  the  basal  spacing  of  NiO 

nanocrystals.  The  as-synthesized  nano  transition  metal  oxides  had  high 
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crystallinity nature except for Mn3O4 and NiO which was observed from the 

intense  and  sharp  peaks  of  their  respective  diffraction  spectrum.  The  as-

synthesized Mn3O4 and NiO was in amorphous nature which showed the less 

intense and broad diffraction spectrum. The CdO showed the moisture peaks 

due to low resistant to atmospheric moisture.

These  result  revealed  that  no  characteristics  peaks  from  other 

impurities  like  other  phase  of  metal  oxides,  intermediate  product  of  metal 

hydroxide were detected. XRD investigation confirmed the formation of nano 

transition metal oxides from their respective metal acetates through ultrasound 

assisted one pot method. These results supported the prediction of FTIR report. 

The XRD results concluded that the synthesis of nano transition metal oxides 

by  ultrasound  assisted  one  pot  method  produce  crystalline  as  well  as 

semicrystalline behavior of nanometerial.

2.2.3 HRTEM studies

        HRTEM analysis revealed the as-synthesized sample particles size, shape 

and their  status  of agglomeration.  HRTEM image of as-synthesized  Mn3O4 

revealed that the particles exhibited composed of minor and relatively small 

particles of agglomeration morphologies. Owing to the high surface energy of 

the  nanoparticles,  they  had  the  tendency  to  agglomerate.   The  length  and 

breadth of layered lattice fringes pattern for all as-synthesized nanomaterials 

were measured. i.e., length is 20-25nm for CuO, Co3O4, NiO and Mn3O4 and 15 

nm for CdO and breadth less than 0.1nm for all as-synthesized nanomaterials. 

The  TEM  image  showed  the  different  shape  for  the  as-synthesized 

nanomaterials i.e., flower shape for CdO, rod shape for CuO and agglomerated 

stacks for Mn3O4.

The  SAED  taken from  a  randomly  selected  area  of  an  individual 

ellipsoidal  structure  exhibited  bright  dots  for  CuO,  CdO  and  Co3O4 

nanomaterials,  bright  dots  with  rings  for  Mn3O4 nanomaterials and  a  little 

blurry ring for NiO nanomaterials. These indicated the crystalline nature of as-

synthesized CuO, CdO and Co3O4 nanomaterials, semicrystalline nature of  as-

synthesized  NiO  nanomaterials and polycrystalline  nature  of  as-synthesized 

Mn3O4 nanomaterials.  The  HRTEM image  concluded  that  the  synthesis  of 
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oxide  nanomaterials by  ultrasound  assisted  one  pot  method  produce  the 

nanomaterials with average size of 25-30nm length, breadth <1nm and weak 

agglomeration in aqueous medium at ambient temperature. 

3. Preparation of PVA/Metal oxide nanocomposites

PVA (mol. wt 1,25,000 g/mol, denoted as P2 )  films were used as basic 

polymeric materials for preparation nanocomposite except NiO nanocomposite 

in which PVA (mol.wt 12,500, denoted as P1) was used  in this work. Pristine 

PVA film and 2, 4, 6, 8 and 10 wt % of as-synthesized metal oxide /PVA 

nanocomposite films were prepared by using a casting technique. 

3.1 Characterization of prepared PVA/Metal oxide nanocomposite

All the prepared PVA/Metal oxide nanocomposite were characterized 

by FTIR , XRD, DSC, TGA  and Stress-strain measurements.

3.1.1 FTIR analysis

FTIR  spectra  of  all  prepared  nanocomposite  films  showed 

characteristic bands of pristine PVA with slight shifting in vibrational bands 

and slight changes in intensities of absorption bands at 1733 and 1640 cm-1 

(for C=O and C=C bands respectively). The vibrational absorption peaks of all 

metal  oxide  (M-O)  bands  were  observed with  low intensity.  However,  the 

interaction between nanomaterial and OH group in PVA matrix was observed 

through shifting in the vibrational bands of C=O, C=C and bending of CH2. 

The intensity variation in vibrational bands supported  the oxidation catalytic 

effect of as-synthesized metal oxide in PVA matrix via dehydrogenation and 

dehydration  reaction.  The  oxidation  catalytic  effect  of  as-synthesized 

nanomaterials  at  PVA  matrix  were  estimated  for  the  first  time  by  FTIR 

software through Relative Intensity (RI) analysis in present investigation.

3.1.2 FTIR-RI studies

All  investigated  PVA/Metal  oxide  nanocomposite  showed  that  the 

added nanomaterials  activated the two processes,  viz.,  Hydrolytic  oxidation 

and Thermolytic degradation process, as a catalyst in the PVA backbone in 

aqueous  condition  during  polymer-nanocomposite  preparation.   The  added 

nano metal oxides were involved in the formation of keto group via hydrolytic 

oxidation and formation  of alkenes via thermolytic   on the PVA backbone 
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which was observed from the relative intensity variation of  C= O and C= C 

bands at  1733 and 1640 cm-1 .  These variation was calculated as the order of 

reaction for carbonyl and  alkene formation reactions in PVA backbone using 

FTIR-RI.  The calculated value indicated that  1.5 mole for Co3O4 & CuO,  1 

mole for  Mn3O4& NiO,   2 moles for CdO  required  to convert the 1 mole of 

secondary alcoholic group into keto group. Similarly, 1.5 mole for  Co3O4 & 

CuO,  0.5 mole for  Mn3O4& NiO,   2 moles for CdO   are required  to form the 

alkenes  group  via  dehydrogenation  reaction  in  the  PVA  matrix.  It  was 

observed that  the order  of catalytic  effect  of as-synthesized metal  oxide in 

alkenes formation is  Mn3O4 > Co3O4 >  CuO > CdO >  NiO and in carbonyl 

formation is Mn3O4 > CuO > Co3O4> CdO > NiO in terms of no. of segments 

in PVA matrix involving into oxidation process. 

These result indicated that the added as-synthesized nano metal oxide 

accelerated the two different reactions at PVA matrix and the order of reaction 

for these oxidation process was estimated by FTIR-RI for the first time in our 

present investigation. FTIR-RI result concluded that added nano metal oxide 

involved in various order of oxidation reaction at PVA matrix which can be 

estimated by FTIR-RI method.

3.1.3 XRD studies

In XRD spectrum, the peak position for all prepared PVA/Metal oxide 

nanocomposites,  except  PVA/CdO  nanocomposites  showed  that  the 

characteristic diffraction peaks of PVA matrix alone around 19o ≤ 2θ ≤ 20o 

position. The absence of characteristic peak of as-synthesized nanomaterials 

crystal revealed that the added nanomaterials   were dispersed in PVA matrix 

through exfoliated nanocomposite structure.  The XRD pattern of PVA/CdO 

nanocomposites  showed  the  presence  of  both  polymer  and  nanofiller 

characteristic peaks which revealed that the added CdO nanomaterials were 

immiscible  with  PVA  matrix.  The  peak  width  at  XRD  pattern  for  all 

investigated  nanocomposites  were  broadening  by  incremental  addition  of 

nanomaterials  which  revealed  the  increasing  amorphous  character  at  PVA 

matrix. The present investigation based on XRD report concluded that,  the as-

synthesized nanomaterials, except CdO nanomaterials produced the exfoliated 

structure  of  nanocomposites  and immiscible  nanocomposites  for  PVA/CdO 
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systems and improved the amorphous character at PVA matrix in high filler 

loading.

3.1.4 DSC studies

The  DSC  thermogram  of  all  investigated  PVA/Metal  oxide 

nanocomposite  films  except  PVA/NiO  nanocomposites  showed   three 

temperature transition peaks which was interpreted as dewatering temperature 

(Td.w),  α-relaxation  temperature  (Tα)  and  melting  temperature  (Tm).  The 

PVA/NiO nanocomposites showed only two transition peak i.e., Td.w and Tα.

The  incorporation  of  all  as-synthesized  nano-metal  oxide  in  PVA 

matrix  lowered  the  dewatering  temperature  of  PVA  matrix  irrespective  of 

molecular weight. This result concluded that as-synthesized nano metal oxide 

in  present  investigation  induced  the  hydrophobic  nature  of  PVA  matrix 

assisting the removal of physisorbed water molecule at lower temperature. Td.w 

value decreased for all  investigated nanocomposite films with increasing of 

nanomaterials content except PVA/CdO nanocomposite, in which  Td.w value 

increased  with  increasing  nanomaterials  content  because  of  low  resistance 

nature of CdO for atmospheric moisture.

 α-relaxation  temperature  (Tα)  of  PVA matrix  was improved by the 

initial addition of  (i.e., 2 % weight)  as-synthesized nanomaterials i.e., Mn3O4, 

Co3O4, CdO because addition of nanofiller acted as nucleating agent to promote 

the growth of crystal phase in polymer matrix and Tα value was decreased for 

NiO and CuO nanomaterials due to altering the crystalline structure. However, 

in nanocomposite films, Tα value of PVA matrix improved with progressive 

addition of  CuO and Co3O4 nanomaterials which was attributed to growth of a 

different crystal structure with rigid packing in PVA matrix.  Tα value of PVA 

matrix  decreased  with  increasing  of  Mn3O4,  NiO  and  CdO  nanomaterials 

content  because  addition  of  nanofiller  led to  agglomeration  rather  acted  as 

nucleating  agent  to  promote  crystal  growth  of  a  different  crystal  phase  in 

polymer matrix.  The present investigation concluded that based on Tα value 

report,  as-synthesized nano metal oxide involved in the process of altering the 

crystalline region  of PVA matrix.
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The melting temperature (Tm ) of PVA matrix was drastically reduced 

by  initial  addition  of  as-synthesized  nanomaterials  (i.e.,  2  wt%)  for  all 

investigated  PVA/Metal  oxide  nanocomposite,  except  PVA/NiO 

nanocomposite,  which  was  caused  by  reducing  the  perfection  of   crystal 

structure  due  to  inclusion  of  the  filler  in  the  crystalline  regions  of  the 

semicrystaline  PVA.  However,   Tm value   was  increased  with  progressive 

addition of as-synthesized nanomaterial  beside CdO nanocomposite, which is 

attributed to formation of new rigid and organized structure of nanocomposites 

via oxidative catalytic action of nanomaterials. The Tm value was decreased 

with  progressive  addition  of  CdO  nanomaterial  because  of  decreasing  the 

crystalline region and Tm value was not known for all investigated PVA/NiO 

nanocomposites  within  given  experimental  range  (i.e.,  30-250  0C).  It  was 

observed  that   incorporation  of  as-synthesized  CuO nanomaterial  produced 

two melting peak (from 4 to 10 wt %) at PVA matrix which was caused by the 

order  of  molecular  packing  in  the  crystallites  and  PVA---Cu2+ complex 

formation respectively. It was noticed that the complex formation and catalytic 

effect were dominant respectively at low and high percentage weight of CuO 

nanomaterial  in  the  PVA matrix.   The present  investigation  concluded that 

based on Tm value, the added as-synthesized oxide nanomaterials involved in 

the  formation  of  highly  rigid  and  organized  crystallites  structure  in  PVA 

matrix via oxidative catalytic action of nanomaterials. 

3.1.5 TGA studies

TGA  curves  for  all  investigated  PVA/Metal  oxide  nanocomposite 

films, except NiO based  nanocomposites   showed three temperature regions 

which were denoted as dewatering temperature (Td.w),  first  and second step 

degradation  steps(i.e.,  Ti
1 & Ti

2).  However,  The PVA/NiO nanocomposites 

showed only two temperature regions for weight loss. 

The temperature at which the first minor weight loss for all samples, 

noted as dewatering temperature (Td.w) was associated with loss of absorbed 

moisture and/or with the evaporation of trapped water as solvent. The loss of 

water molecules begins at lower temperature for all investigated 2 % weight of 

as- synthesized nano metal oxide/PVA nanocomposites films than parent PVA 

irrespective  of  molecular  weight  of  polymer.  For  all  nanocomposites,  Td.w 
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value  increased  with  increasing  of  nanomaterials content  except  PVA/CdO 

nanocomposite  in  which  Td.w value  decreased  with  increasing  of  CdO 

nanomaterials content  because  of  low  resistance  nature  of  CdO  for 

atmospheric moisture. The report for dewatering temperature concluded that 

as-synthesized oxide nanomaterials improved the hydrophobic nature to PVA 

matrix  assisting  the  removal  of  physisorbed  water  molecules  at  lower 

temperature. 

Secondly,  the  temperature  at  which  degradation  starts  (onset 

decomposition)  was  noted  as  initial  degradation  temperature  (Ti
1)  which 

revealed that the initial  degradation temperature (Ti
1) of  all  investigated as-

synthesized nano metal oxide/PVA nanocomposite films degrade faster than 

pristine PVA(P2) matrix except PVA/NiO nanocomposites in which,  Ti
1 value 

was shifted to higher temperature while increasing the nanomaterials content. 

This report concluded that the domination of catalytic effect than barrier effect 

of as-synthesized nano metal oxide at PVA(P2) matrix caused to decrease the 

initial degradation temperature. At PVA/NiO  nanocomposites,  the increment 

of the decomposition temperature as a function of the filler content reached a 

maximum value  upto  6  % weight  and then  the  decomposition  temperature 

experiment a slight reduction. The 10 % weight of Mn3O4 and NiO based PVA 

nanocomposites shifted to lower initial degradation temperature which is due 

to the formation of filler aggregates or agglomerates leading to a certain phase 

separation into a polymer-rich phase and a filler-rich phase.

In  the  third  weight  loss  process,  the  second  initial  degradation 

temperature  (Ti
2)  of  all  prepared  nanocomposites  also  shifted  to  lower 

temperature from pristine PVA(P2) matrix. These reports showed the  catalytic 

oxidation  effect  of  added  as-synthesized  nanomaterials  involved  in  the 

degradation leading to the  formation of polyene (C=C) residues. The absence 

of second degradation in PVA(P1)/NiO nanocomposite suggested the possible 

hydrolysis of acetate groups in PVA(P1) matrix during film preparation.

 The weight  loss  percentages  of  all  prepared  PVA/Metal  composite 

nanocomposite films situated at higher than pristine PVA matrix irrespective 

of molecular weight. The residual weight for all investigated 10 % weight of 

as-synthesized  nano-metal  oxide/PVA  nanocomposite  is  around  25  %  for 
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PVA/CuO,  25% for PVA/CdO, 16 % for PVA/Mn3O4, 20% for PVA/Co3O4 at 

600oC  and  50%  for  PVA(P1)/NiO  at  350oC.  This  result  revealed  that 

introduction of sonochemically synthesized nano metal oxide in PVA matrix 

greatly improved the thermal resistance. The present investigation concluded 

that  as-synthesized  PVA/Metal  oxide  nanocomposites  have  higher  thermal 

stability  than  that  of  parent  pristine  PVA  matrix  and  the  nanocomposite 

thermal degradation route differs from pristine PVA. 

3.1.5.1 Kinetic analysis using Coats-Redfern method

The kinetic parameters, such as activation energy (Ea), reaction order 

(n)  and  pre-exponential  factor(A)  were  evaluated  utilizing  Coats-Redfern 

equation for reaction order n is not equal to 1, which when lineraised for a 

correctly chosen n yields the activation energy from the slope. In this work, 

TG data of samples  with 2,4,6,8 &10 wt% nanomaterial  at  heating rate  of 

10oC/min were processed to evaluate the kinetic parameters. The Ea and n for 

all prepared nanocomposite was higher than that of parent PVA matrix which 

is attributed to the introduction of nanomaterial at PVA(P2) matrix. The order 

of  Ea  among  the  studied  PVA/Metal  oxide  nanocompoiste  is  as  follows, 

Mn3O4>CuO> Co3O4  > CdO which revealed the following information. First, 

during thermal degradation, nanomaterials in the above order were preferably 

migrating to the surface of the composites to form a strong PVA/Metal oxide 

char, which act as a heating barrier to protect the PVA inside. Secondly, the 

introduction  of  CuO  nanomaterials  at  PVA(P2)  greatly  improved  thermal 

stability  than  that  of  prepared  nanomaterials.  The  Ea  was  increased  with 

progressive  addition  of  nanomaterials  which  suggested  that  the  added 

nanomaterials were homogenously distributed throughout the PVA matrix.

3.1.5.2  Determination  of  thermo-degradation  mechanism  using  Criado 

method.

 In  order  to  investigate  the  solid  state  degradation  mechanism,  the 

master curve plots of Z(α) versus conversion (α %) for different mechanisms 

according to the criado method was illustrated for  all prepared systems with 

2,4,6,8 & 10 wt% of nanomaterials  at  heating rate of 10o C/min.  It  clearly 

showed that the experimental data of Z(α) of the pure PVA (P2) at all thermal 
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degradation temperature range agree with A2  master curve very well. Hence, 

the pure PVA system showed thermo-degradation mechanism most probably 

followed a sigmoidal  curve (An type mechanism),  a  nucleation  and growth 

mechanism having the rate controlling step obeyed the Avrami equation.

At the same time, the experimental data of Z(α) of PVA/Metal oxide 

nanocomposite  at  all  thermal  degradation  temperature  range agree with the 

Z(R3) for all investigated nanocomposites based on PVA(P2) matrix in present 

investigation. Hence,  thermo-oxidative  degradation  mechanism  for  the 

prepared nanocomposite most probably followed a deceleration curves such as 

(R3 type  i.e.,  rate  controlling  process  obeyed  phase  boundary  controlled 

reaction: contraction volume).

These  result  indicated  that  the  presence  of  metal  oxide  nanofillers 

affected the solid state thermo degradation mechanism. It was observed that 

thermo-degradation  mechanism  of  PVA/Metal  oxide  nanocomposites  from 

parent PVA(P2) matrix due to  mainly suppression of the mobility of polymer 

chains  by  the  nanofillers  which  leads  to  various  process  of  retardation  of 

thermal  degradation.  It  concluded  that  retardation  process  of  thermo-

degradation of nanocomposite altered by various metal oxide nanofillers.

3.1.6 Stress-strain properties

The  mechanical  properties  of  all  prepared  nanocomposites  were 

evaluated from stress-strain curves. Results of tensile tests in terms of Young’s 

modulus,  tensile  strength  and elongation  at  break  were noted.  Beside CdO 

based  nanocomposite,  the  tensile  strength  and  Young’s  modulus  value 

increased  for  all  prepared  nanocomposites  than  parent  PVA  matrix  which 

revealed  the  good  adhesion  between   PVA  matrix  and  metal  oxide 

nanomaterial.  It  was  observed  that   Young’s  modulus  and  tensile  strength 

value  reached  maximum  for  6  wt%  at  PVA/NiO  nanocomposites.  At 

PVA/CdO  nanocomposite,   Young’s  modulus  and  tensile  strength  value 

decreased  with progressive addition  of  CdO nanomaterial  which  confirmed 

immiscible  nanocomposite  structure.  The  tensile  report  concluded  that  as-

synthesized  nanocomposite  have superior mechanical  properties  than parent 

matrix.
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The  elongation  at  break  value  for  all  prepared  nanocomposite  was 

decreased with the addition of 2 wt% of as-synthesized metal oxide nanofiller 

because of increasing the density of C=C bond through catalytic action and 

improved the rigid and organized structure of PVA. In nanocomposite films, 

the elongation at break value decreased for all prepared nanocomposite except 

CdO based nanocomposite, in which elongation at break value increased with 

progressive addition  of  nanomaterial.  This is  attributed  to  the formation  of 

C=C bond by the catalytic effect of  as-synthesized nanofiller and plasticizing 

effect as well  as complex formation effect in the PVA matrix respectively. 

The  elongation  at  break  report  concluded  that  the  added  as-synthesized 

nanofiller promoted the nanocomposites behavior from ductile to brittle.

3.1.7 SEM studies

The incorporated as-synthesized nanofillers in PVA matrix was seen as 

white spots at SEM image.  While increasing the nanofillers concentration at 

matrix, the number of white spot increased.  This phenomenon revealed that 

the  presence  of  incorporated  nanofillers  in  PVA  matrix  and  indicated  the 

distribution nature of nanofillers.  The SEM image for all as-prepared 2 wt% 

PVA  nanocomposite  films  revealed  that  nanofillers  exhibited  the  uniform 

dispersion with uneven shape at PVA matrix. The  irregular shapes with less 

agglomeration  status  of  the  as-synthesized  transition  metal  oxide 

nanomaterials in PVA matrix was observed for all as-prepared 10 wt % PVA 

nanocomposite films which is due to good surface-active agent and adsorption 

on metal oxide surfaces nature of PVA.   According to the SEM image of 

studied samples, the added catalyst behavior of as-synthesized transition metal 

oxide  nanofillers  has  good  dispersion  in  PVA  matrix  and  which  leads  to 

increasing  number  of  catalytic  active  sites.  These  results  supported  for  the 

estimation of  catalytic activity of nanofillers on PVA matrix in the present 

investigation.

4.  Conclusion 

The present investigation was carried out in two steps. In the first step, 

five transition  metal oxides, viz., NiO, CuO, CdO, Co3O4 and Mn3O4    were 

synthesized  in  nano  scale  by  sonochemical  method  and  they  were 
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characterized  by FTIR,  XRD and HRTEM. In the second step,  PVA/metal 

oxide nanocomposite  films with various loading (i.e.,  0 to 10 wt.  %) were 

prepared using casting technique and they were characterized by FTIR, XRD, 

DSC, TGA and stress-strain analysis. In addition to that, catalytic effect of the 

aforesaid  nano  metal  oxide  on  structural  changes  in  PVA  matrix  was 

quantitatively  assessed  by  means  of  Fourier  Transform  Infrared-Relative 

Intensity (FTIR-RI) method.

The following conclusions were drawn from the present investigation.

First step

 A stable aqueous dispersion of transition metal oxide nanomaterials with 

length of 20-25 nm and breadth less than 0.1nm could  be synthesized by 

ultrasound assisted  one pot  method at  normal  temperature  and pressure 

without any additional surfactant or template.

 Sonochemical oxidation and sonohydrolysis lead to  the formation of nano 

metal oxides.

 The  nano  metal  oxides  could  be  obtained  in  crystalline  as  well  as 

semicrystalline  form by  the  sonochemical  method.  This  was  shown by 

XRD results and SAED pattern.

Second step

 Appreciable extent of interaction exists between PVA and the nano metal 

oxide fillers as observed from FTIR studies.

 Metal  oxide  acted  as  catalyst  for  hydrolytic  oxidation  and  thermolytic 

degradation  of  the  PVA chains.   The  hydrolytic  oxidation  leads  to  the 

formation  of  C=C  in  the  chain  backbone  where  as  the  thermolytic 

degradation  converts  some of  the  secondary  hydroxyl  groups  into  keto 

groups.  Quantitative estimation of these structural changes were done by 

the  FTIR-RI method.  

 The exfoliated nanocomposite structure was established  by XRD studies.

 The incorporation of  as-synthesized nano metal oxide assisted the removal 

of  physisorbed  water  molecule  from PVA matrix  at  lower  temperature 
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which was evident from the lower dewatering temperature  (Td.w), observed 

in DSC and  TGA studies.

 Factors such as the PVA-filler interaction, newly generated strong dipoles 

in the form of keto groups and a few back bone double bonds formed by 

hydrolytic oxidation reduce mobility of PVC chains.  This led to higher 

rigidity  of  the  matrix  which  was  evidenced  by  an  increase  in  melting 

temperature (Tm) of the nanocomposites in DSC studies.  

 Thermal  resistance  of  PVA  matrix  could  be  greatly  improved  by 

introduction  of  the  nano  metal  oxides.  The  first  and  second  step 

degradation of PVA matrix occurred at higher temperatures compared to 

virgin PVA.

  Diffusion of decomposition products from the bulk polymer to gas phase 

could be decelerated by the addition of nano metal oxide to PVA matrix. 

Consequently, the activation energy for thermal degradation of PVA  was 

shifted  to  higher  levels.  The  values  were  evaluated  by  Coats-Redfern 

kinetic method. 

 The thermo-degradation mechanism of parent PVA matrix could be altered 

by the addition of nano metal oxide. Thermo-degradation mechanism for 

parent  PVA  and  PVA/metal  oxide  nanocomposite  follows  a  sigmoidal 

curve (i.e., A2 type) and a deceleration curve (i.e.,  R3 type) respectively 

which  was  derived  from  thermo-degradation  mechanism  using  Criado-

method.

 Superior mechanical properties, i.e., Young’s modulus, tensile strength and 

elongation  at  break  could  be  achieved  by incorporation  of  metal  oxide 

nanomaterials into PVA.   Good adhesion between PVA and metal oxide 

nanofillers enhanced the mechanical properties. The ductile nature  of PVA 

matrix gets reduced  by the addition of metal oxide nanofillers. 

The  present  investigation  showed  that  structural,  mechanical  and 

thermal properties of PVA matrix could be greatly enhanced by incorporation 

of nano metal oxides.  Besides the reinforcing effect, the filler caused  catalytic 

effect leading to  certain desirable structural changes in  PVA matrix.         
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