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ABSTRACT 

 

The rapid growth of industrialisation is having a negative effect 

on the environment due to the enormous quantity of different types of 

industrial waste being released into the atmosphere. The traditional 

methods of landfilling and other methods of disposing of industrial 

waste are no longer enough to deal with the surplus of these wastes. As 

a result, the reutilisation of these wastes is becoming increasingly 

popular. It is inevitable to concentrate on the efficient and effective 

utilisation of various types of industrial wastes to reduce production 

costs and prevent pollution. In addition to recycling industrial wastes, 

there is a great need for high-performance rubber composites for a 

wide range of applications. 

Polyurethane waste (PUW) from the footwear, magnesium 

carbonate waste (MCW) from the condom, and sodium sulphate waste 

(SSW) from the pigment industries were collected, removed other 

impurities, and incorporated into natural rubber (NR) as reinforcing 

fillers. The influence of clay on property enhancement is also studied 

by adding it as an additional filler to the NR-PUW composites. NR-

waste composites were prepared through a two-roll mill mixing 

process. The rheological, mechanical, thermal and sorption properties 

of NR-PUW, NR-MCW, NR-SSW composites and NR-PUW-clay 

compounds were investigated. All the fabricated composites showed 

significant improvement in mechanical, thermal, and sorption 

properties compared to NR. NR composites with 5 parts per hundred 

(phr) PUW, 3 phr MCW and 7.5 phr SSW showed the best mechanical 



 

properties among other composites prepared. Various established 

mechanical modelling techniques were used to confirm the better filler 

adhesion on the NR matrix. NR compound with 5 phr PUW and 10 phr 

clay showed better mechanical properties, while compound with 5 phr 

PUW and 20 phr clay had good sorption resistance. The model-free 

approaches successfully tracked the path during the thermal 

degradation and predicted the produced composite's activation energy 

changes and multistep degradation kinetics. The fabricated composites 

and compounds find huge potential as a replacement for NR, 

benefitting the production of common industrial rubber products with 

high tensile strength, heat resistance, and solvent absorption resistance. 

Another important finding of this study is that it is essential to reuse 

industrial waste from a circular economy perspective to reduce 

production costs and prevent environmental pollution. Additionally, 

this technology can be used in other rubber systems such as SBR, 

NBR, and ENR to produce high-performance rubber composites for 

various industrial applications. 

Keywords: Natural rubber composites, Industrial waste reutilisation, 

Mechanical, Thermal, Sorption. 

 

  



 

സംഗ്രഹം 
വ്യാവ്സായികവ്ൽക്കരണത്തിന്റെ ദ്രുതഗതിയിലുള്ള 

വ്ളർച്ച പരിസ്ഥിതിറയ ദ്പതികൂലമായി ബാധിക്കുന്നു. 
ഇതിന് കാരണം വ്ിവ്ിധ തരം വ്യാവ്സായിക 
മാലിന്യങ്ങൾ അന്തരീക്ഷത്തിലലക്ക് പുെന്തള്ളുന്നതാണ്. 
ഈ മാലിന്യങ്ങൾ കകകാരയം റെയ്യാൻ പരമ്പരാഗത 
രീതിയിലുള്ള ലാൻഡ് ഫില്ിംഗും, മറ്റ് രീതികളും ഇന്ി 
പരയാപ്തമല്. റെലവ് കുെയ്ക്ക്കുന്നതിന്ും മലിന്ീകരണം 
തടയുന്നതിന്ും വ്ിവ്ിധ തരം വ്യാവ്സായിക 
മാലിന്യങ്ങളുറട കാരയക്ഷമവ്ും ഫലദ്പരവ്ുമായ 
പുന്രുപലയാഗത്തിൽ ദ്രദ്ധ ലകദ്രീകരിലക്കണ്ടത് 
അന്ിവ്ാരയമാണ്. ഇതിന്ു പുെറമ വ്ിപുലമായ 
വ്യാവ്സായിക െബ്ബർ ഉല്പന്നങ്ങളുറട ന്ിർമ്മിതിക്കായ്ക് 
ഉയർന്ന ദ്പവ്ർത്തന്ക്ഷമതയുള്ള െബ്ബർ 
സംയുക്തങ്ങളുറട ആവ്രയകതയും ഇന്ന് വ്ളറര 
ദ്പസക്തമാണ്.  

പാരരക്ഷ ന്ിർമാണ കമ്പന്ിയിൽ ന്ിന്നുള്ള 
റപാളിയൂെിത്തീൻ മാലിന്യം (PUW), ലകാണ്ടം 
വ്യവ്സായത്തിൽ ന്ിന്നുള്ള മഗ്നീഷ്യം കാർബലണറ്റ് 
മാലിന്യം (MCW), പിറെന്് വ്യവ്സായങ്ങളിൽ 
ന്ിന്നുള്ള ലസാഡിയം സൾലഫറ്റ് മാലിന്യം (SSW) 
എന്നിവ് ലരഖരിച്ച്, മറ്റു മാലിന്യങ്ങൾ മാറ്റിയ ലരഷ്ം, 
ദ്പകൃതിരത്ത െബ്ബെിൽ (NR) രക്തിറെടുത്തുന്ന 
ഫില്െുകളായി സംലയാജിെിച്ചു. ഗുണങ്ങൾ 
റമച്ചറെടുത്തലിൽ കളിമണ്ണിന്റെ സവാധീന്ം പഠിക്കാൻ, 
ഇത് NR-PUW ലകാലമ്പാസിറ്റുകളിലലക്ക് ഒരു അധിക 
ഫില്ൊയി ലെർത്തു. NR-മാലിന്യ സംലയാജന്ങ്ങൾ രണ്ട്-
ലൊൾ മിൽ മികസിംഗ് ദ്പദ്കിയയിലൂറട തയ്യാൊക്കി. 



 

NR-PUW, NR-MCW, NR-SSW ലകാലമ്പാസിറ്റുകളുറടയും 
NR-PUW-കളിമൺ സംയുക്തങ്ങളുറടയും െിലയാളജിക്കൽ, 
റമക്കാന്ിക്കൽ, റതർമൽ, ലസാർപ്ഷ്ൻ ലദ്പാെർട്ടികൾ 
പഠിച്ചു. എല്ാ ഫാദ്ബിലക്കറ്റഡ് ലകാലമ്പാസിറ്റുകളും NR 
റന് അലപക്ഷിച്ച് റമക്കാന്ിക്കൽ, റതർമൽ, ലസാർപ്ഷ്ൻ 
ഗുണങ്ങളിൽ കാരയമായ പുലരാഗതി കാണിച്ചു. 5 phr 
PUW, 3 phr MCW, 7.5 phr SSW എന്നിവ്യുള്ള NR 
ലകാലമ്പാസിറ്റുകൾ മറ്റ് ലകാലമ്പാസിറ്റുകലളക്കാൾ മികച്ച 
ഗുണങ്ങൾ കാണിച്ചു. NR മാദ്ടികസിൽ മികച്ച ഫില്ർ 
അഡീഷ്ൻ സ്ഥിരീകരിക്കാൻ വ്ിവ്ിധ സ്ഥാപിത 
റമക്കാന്ിക്കൽ ലമാഡലിംഗ് റടകന്ിക്കുകൾ 
ഉപലയാഗിച്ചു. 5 phr PUW ഉം 10 phr കളിമണ്ണും ഉള്ള 
NR സംയുക്തം മികച്ച റമക്കാന്ിക്കൽ ഗുണങ്ങൾ 
കാണിച്ചു, അലതസമയം 5 phr PUW ഉം 20 phr 
കളിമണ്ണും ഉള്ള സംയുക്തത്തിന് ന്ല് ലസാർപ്ഷ്ൻ 
ദ്പതിലരാധമുണ്ട്. ലമാഡൽ-ദ്ഫീ അലദ്പാച്ചുകൾ റതർമൽ 
ഡിലദ്ഗലഡഷ്ൻ സമയത്ത് പാത്ത് വ്ിജയകരമായി ദ്ടാക്ക് 
റെയ്യുകയും ഉൽൊരിെിച്ച സംയുക്തത്തിന്റെ ഊർജ്ജ 
മാറ്റങ്ങളും മൾട്ടിറെെ് ഡിലദ്ഗലഡഷ്ൻ ഗതിവ്ിഗതികളും 
ദ്പവ്െിക്കുകയും റെയ്ക്തു. ഫാദ്ബിലക്കറ്റഡ് െബ്ബർ-ലവ്െ് 
ലകാലമ്പാസിറ്റുകളും െബ്ബർ-ലവ്െ്-ലേ സംയുക്തങ്ങളും 
NR-ന് പകരമായി വ്ലിയ വ്യാവ്സായിക  സാധയതകൾ 
കറണ്ടത്തുന്നു, ഇത് ഉയർന്ന സവഭാവ്മുള്ള സാധാരണ 
വ്യാവ്സായിക െബ്ബർ ഉൽെന്നങ്ങളുറട ഉത്പാരന്ത്തിന് 
ഗുണം റെയ്യും 

സൂചക പദങ്ങൾ: ദ്പകൃതിരത്ത െബ്ബർ ലകാലമ്പാസിറ്റുകൾ, 
വ്യാവ്സായിക പാഴ്വ്സ്തുക്കളുറട പുന്രുപലയാഗം, 
റമക്കാന്ിക്കൽ, റതർമൽ, ലസാർപ്ഷ്ൻ   
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PREFACE 

 

The use of waste materials from the footwear, condom, and 

pigment industries as a reinforcing filler in natural rubber (NR) to 

fabricate high-performance rubber composites is the subject of the 

thesis entitled "Mechanical, Thermal and Sorption Studies of Industrial 

Waste Reinforced Natural Rubber." The effect of clay on NR 

composites reinforced with the footwear industry waste has also been 

studied. 

The introductory chapter emphasises the hazardous effects of 

industrial wastes on the environment and how crucial it is to recycle 

them. Nowadays, landfills handle most industrial waste disposal, 

which harms the environment. Various forms of solid industrial wastes 

and their generation, management, and treatment are covered in great 

detail. An exploration of the potential applications of industrial wastes 

and an in-depth analysis of their viability as an NR filler is studied. 

Details on fillers that could improve various properties of NR are 

provided, along with an overview of the material. A comprehensive 

discussion of current research on organic, inorganic, and biological 

wastes utilised as rubber fillers is provided. The present investigation's 

goals and scope are also included. 

The specifications for the materials and the basic principles of 

the experimental techniques utilised for this investigation are provided 

in the Materials and Methods chapter. The features of industrial waste 

materials and their composite compositions with NR have been 

investigated. The gathered industrial wastes, clay, and fabricated NR-



 ii 

waste composites were characterised using various analytical methods. 

The techniques for analysing the mechanical, thermal and sorption 

properties of NR-waste composites have been described. The tensile 

strength and Young's modulus of the produced composites have been 

verified using well-established theoretical models. TG analysis was 

employed to study the NR composite's non-isothermal degradation 

kinetics using isoconversional model-free approaches. 

Chapter 3 explains the properties of various industrial wastes 

collected and used as fillers for reinforcement in NR. These wastes 

include rigid polyurethane waste (PUW) from the footwear industry, 

light magnesium carbonate waste (MCW) from the condom industry 

and recovered sodium sulphate waste (SSW) from the pigment 

industry. A brief explanation of the properties of clay, which is used as 

an additional filler along with PUW, is also included. Various 

analytical techniques were used to characterise the collected wastes 

after separating unwanted materials and powdering. 

Natural rubber-polyurethane waste (NR-PUW) composites are 

fabricated and thoroughly characterised in Chapter 4. The assessment 

of the rheological, mechanical, thermal, and sorption characteristics of 

the NR-PUW composites was explained. The established theoretical 

models validated the fabricated composite's tensile strength and 

Young's modulus.  The kinetics of the fabricated composite's non-

isothermal thermal degradation were studied using different model-free 

isoconversional methods. Along with multiple sorption characteristics, 

the sorption properties of NR-PUW composites have also been 

investigated in different aliphatic, aromatic, and industrial solvents. 



 iii 

Natural rubber-magnesium carbonate waste (NR-MCW) 

composites were fabricated and characterised in Chapter 5. Research 

and descriptions have been carried out on the curing, mechanical, 

thermal, and sorption properties of NR-MCW composites. The thermal 

degradation kinetics of NR-MCW composites have been investigated 

using various model-free techniques. Investigations on various sorption 

characteristics and the sorption capabilities of NR-MCW composites in 

different aliphatic and aromatic solvents have been presented. 

The sixth chapter describes how the natural rubber-sodium 

sulphate waste (NR-SSW) composite was made and characterised. The 

rheological, mechanical, and thermal characteristics of the generated 

NR-SSW composites have been examined. Model-free isocorvesional 

approaches were utilised to investigate the thermal breakdown kinetics 

of NR-SSW composites. The sorption properties of the NR-SSW 

composites in different solvents and various sorption parameters were 

studied. 

Chapter 7 covers synthesising and characterising natural 

rubber-polyurethane waste-clay (NR-PUW-clay) compounds, and their 

mechanical, thermal and curing characteristics were discussed. The 

sorption properties of NR-PUW-clay compounds in different solvents 

were investigated along with different sorption parameters. 

The conclusions of the reported work, recommendations for 

further research, and pertinent references are given at the end of the 

thesis.
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ABSTRACT 

 

The selection of a material for a specific application is carried out by analysing the 

performance under different mechanical, thermal and electrical conditions for any material. In 

this aspect polymer composites become a unique group whose properties can be tuned in 

accordance with the applications. The present research work carries out an extensive study on 

composites of ethylene-co-vinyl acetate (EVA) with modified chitosan as fillers keeping in 

mind the necessity of waste to energy goal. 

As an initial step towards the development of composites, modification of chitosan via 

graft polymerization is carried out. These modified chitosans namely, chitosan-g-PANi, 

chitosan-g-MMA, chitosan-g-HEMA and chitosan/phytic acid polyelectrolyte complex, were 

used as fillers in the polymer composites that were processed via melt-mixing. The processed 

polymer composites were characterized using infrared spectroscopy, mechanical and 

thermogravimetric analysis. The ones that comprised of chitosan-g-PANi were further 

explored for their dielectric properties. The thermal degradation kinetics and thermodynamic 

parameters were calculated for the developed materials. Non-isothermal model free methods 

viz, Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose (KAS), Starink, Tang, Friedman 

(FR) and Vyazovkin were employed for the calculation. The activation energy values obtained 

by the differential FR method shows an increase compared to the integral methods like FWO, 

KAS, Starink and Tang. This is due to the lack of assumptions and approximations employed 

during the calculations via FR method. 

The mechanical testing showed that the composites other than EVA/chitosan-g-PANi 

showed decrease in tensile strength with increase filler content. Samples with grafted PANi 

showed increased tensile strength with increase in filler concentration. The model-free kinetic 

methods pointed towards the endothermic nature of the degradation process progressed by the 

formation of activated complexes for all four systems. The study signifies the need for better 

understanding towards the degradation properties which will aid in developing methods in 

industrial scale recycling of similar materials. Further the developed materials can be 

investigated towards flame retardant and food packaging applications. 

Keywords: EVA based composites, grafting, degradation kinetics, mechanical, dielectrics 
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സംഗ്രഹം 

ഏതെങ്കില ും തെറ്റീരിയലിന്തെ വ്യെയസ്െ തെക്കാനിക്കൽ, തെർെൽ, ഇലക്ട്രിക്കൽ 

സാഹചരയങ്ങളിൽ ്രകരനും വ്ിശകലനും തചയ്െ തകാണ്ടാണ് ഒര  നിർദ്ദിഷ്ട 

ആപ്ലിക്കക്കഷനായി ഒര  തെറ്റീരിയൽ െിരതെര ക്ക ന്നത്. ഈ വ്ശത്ത്, ക്കരാളിെർ 

ക്കകാക്കപാസിറ്റുകൾ ഒര  അദ്വിെീയ ്രൂപ്പായി ൊെ ന്ന , അവ്യ തര ര ണവ്ിക്കശഷെകൾ 

ആപ്ലിക്കക്കഷന കൾക്ക് അന സൃെൊയി രയൂൺ തചയ്യാൻ കഴിയ ും. ഊർജ്ജ 

ലക്ഷ്യത്തിക്കലക്ക ള്ള ൊലിനയത്തിന്തെ ആവ്ശയകെ കണക്കിതലര ത്ത് ഫിലലെ കളായി 

രരിഷ്കരിച്ച ചിക്കറ്റാസൻ ഉരക്കയാരിച്ച് എഥിലീൻ-ക്കകാ-വ്ിനനൽ അസക്കറ്ററ്റ് (ഇവ്ിഎ) 

സുംയ ക്തങ്ങതളക്ക െിച്ചുള്ള വ്ിര ലൊയ രഠനും നിലവ്ിതല രക്കവ്ഷണ 

്രവ്ർത്തനങ്ങൾ നരത്ത ന്ന . 

കക്കപാസിറ്റുകളുതര വ്ികസനത്തിക്കലക്ക ള്ള ്രാരുംഭ ഘട്ടതെന്ന നിലയിൽ, ്രാഫ്റ്റ്റ് 
ക്കരാളിെനെക്കസഷൻ വ്ഴി ചിക്കറ്റാസന്തെ രരിഷ്ക്കരണും നരത്ത ന്ന . ചിക്കറ്റാസാൻ-ജി-

രാനി, ചിക്കറ്റാസാൻ-ജി-എുംഎുംഎ, ചിക്കറ്റാസാൻ-ജി-ഹീെ, ചിക്കറ്റാസാൻ/നഫറ്റിക്ട 

ആസിഡ് ക്കരാളി ഇലക്ടക്ക്രാനലറ്റ് ക്കകാുംപ്ലക്ടസ് എന്നിങ്ങതനയ ള്ള രരിഷ്ക്കരിച്ച ഈ 

ചിക്കറ്റാസാന കൾ, തെൽറ്റ്-െിക്ടസിുംഗ് വ്ഴി സുംസ്കരിച്ച ക്കരാളിെർ ക്കകാക്കപാസിറ്റുകളിൽ 

ഫിലലെ കളായി ഉരക്കയാരിച്ചു. ഇൻ്ഫാതെഡ് സ്തരക്ടക്ക്രാസ്ക്കകാപ്പി, തെക്കാനിക്കൽ, 

തെർക്കൊ്രാവ്ിതെ്രിക്ട വ്ിശകലനും എന്നിവ് ഉരക്കയാരിച്ചാണ് ക്ക്രാസസ്സ് തചയ്െ 

ക്കരാളിെർ ക്കകാക്കപാസിറ്റുകളുതര സവ്ിക്കശഷെ. ചിക്കറ്റാസാൻ-ജി-രാനി അരങ്ങിയവ് 

അവ്യ തര നവ്ദ്യ െ ര ണങ്ങൾക്കായി കൂര െൽ രരയക്കവ്ക്ഷ്ണും തചയ്െ . 

വ്ികസിപ്പിച്ച തെറ്റീരിയല കൾക്കായി ൊര ഡീക്ക്രക്കഡഷൻ ചലനാത്മകെയ ും 

തെർക്കൊനഡനാെിക്ട രാരാെീറ്റെ കളുും കണക്കാക്കി. ഫ്റ്ലിൻ-വ്ാൾ-ഒസാവ് 

(എഫ്റ്ഡബ്ല്യ ഒ), കിസിുംരർ-അകാഹിെ-സ ക്കനാസ് (തകഎഎസ്), സ്റ്റാെിങ്ക്, രാങ്, 

്ഫീഡ്ൊൻ (എഫ്റ്ആർ), വ്യാക്കസാവ്കിൻ എന്നീ ക്കനാൺ-ഐക്കസാതെർെൽ ക്കൊഡൽ ്ഫീ 
രീെികളാണ് കണക്ക കൂട്ടലിനായി ഉരക്കയാരിച്ചത്. എഫ്റ്ഡബ്ല്യ ഒ, തകഎഎസ്, സ്റ്റാെിങ്ക്, 
രാങ് െ രങ്ങിയ അവ്ിഭാജയ രീെികളുൊയി ൊരെെയതപ്പര ത്ത ക്കപാൾ ഡിഫെൻഷയൽ 

എഫ്റ്ആർ രീെിയിലൂതര ലഭിക്ക ന്ന ആക്ടറ്റിക്കവ്ഷൻ എനർജി െൂലയങ്ങൾ വ്ർദ്ധനവ് 

കാണിക്ക ന്ന . എഫ്റ്ആർ രീെിയിലൂതരയ ള്ള കണക്ക കൂട്ടല കളുതര സെയത്ത് 
ഉരക്കയാരിച്ച അന ൊനങ്ങളുതരയ ും ഏകക്കദ്ശങ്ങളുതരയ ും അഭാവ്ൊണ് ഇെിന് 

കാരണും. 

തെക്കാനിക്കൽ രരിക്കശാധനയിൽ EVA/chitosan-g-PANi ഒഴിതകയ ള്ള സുംയ ക്തങ്ങൾ ഫിലലർ 

ഉള്ളരക്കും വ്ർദ്ധിപ്പിക്ക ന്നെിനന സരിച്ച് തരൻനസൽ ശക്തി ക െയ ന്നൊയി കാണിച്ചു. 

്രാഫ്റ്റ്റ് തചയ്െ രാനി ഉരക്കയാരിച്ചുള്ള സാപിളുകൾ ഫിലലർ ക്കകാൺസൺക്ക്രഷൻ 

വ്ർദ്ധിപ്പിച്ചുതകാണ്ട് വ്ർദ്ധിച്ച തരൻനസൽ ശക്തി കാണിച്ചു. നാല് സിസ്റ്റങ്ങൾക്ക ൊയി 

സജീവ്ൊക്കിയ ക്കകാുംപ്ലക്ടസ കളുതര രൂരീകരണത്തിലൂതര ര ക്കരാരെിച്ച ഡീ്രക്കഡഷൻ 

്ര്കിയയ തര എൻക്കഡാതെർെിക്ട സവഭാവ്ത്തിക്കലക്ക് ചൂണ്ടിക്കാണിച്ച ക്കൊഡൽ രഹിെ 

ചലനാത്മക രീെികൾ. സൊന വ്സ്െ ക്കളുതര വ്യാവ്സായിക െലത്തിൽ 

ര നര രക്കയാരും തചയ്യുന്നെിന ള്ള രീെികൾ വ്ികസിപ്പിക്ക ന്നെിന് സഹായിക്ക ന്ന 

ഡീക്ക്രക്കഡഷൻ ക്ക്രാപ്പർട്ടികതള ക െിച്ച് നന്നായി െനസ്സിലാക്കക്കണ്ടെിന്തെ 

ആവ്ശയകെതയ രഠനും സൂചിപ്പിക്ക ന്ന . കൂര െൽ വ്ികസിപ്പിച്ച വ്സ്െ ക്കൾ ക്കലും 

െിട്ടാർഡന്്, ഫ ഡ് രാക്കക്കജിുംഗ് ആപ്ലിക്കക്കഷന കൾ എന്നിവ്യിക്കലക്ക് 
അക്കനവഷിക്കാവ് ന്നൊണ്. 

സൂചകപദങ്ങൾ: EVA അരിസ്ഥാനൊക്കിയ ള്ള സുംയ ക്തങ്ങൾ, ്രാഫ്റ്റ്റിുംഗ്, 

ഡീക്ക്രക്കഡഷൻ നകനറ്റിക്ടസ്, തെക്കാനിക്കൽ, നഡഇലക്ട്രിക്ടസ് 
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The presence of fundamental elements for survival, like air, 

water, and soil, on the earth makes it unique from all other planets in 

the solar system. But environmental pollution is a serious issue and one 

of the most critical problems currently affecting humanity and all other 

life forms on our planet today. Nine million individuals (one in every 

six fatalities) died in 2019 due to the effects of pollution, which has 

been constant since 2015 (1). The term "environmental pollution" 

refers to the physical and biological components of the earth and 

atmosphere becoming contaminated to the point where it interferes 

with regular environmental processes. While developing nations 

grapple with serious, unique, and swiftly escalating pollution 

problems, developed countries are becoming more and more concerned 

about environmental issues worldwide. Foreign and domestic 

companies acting with little concern for the impact on the local 

environment exacerbate the influential combination of 

industrialisation, urban development, and high consumption trends 

(2,3). Environmental pollution is more of a social issue than a health 

one because it can damage homes and communities (4). The way that 

developing nations develop has a direct impact on pollution issues. 

Despite this, many developing nations lack the infrastructure for 

effective policy implementation or the capacity to design 

environmental pollution control measures. The economic progress of a 

country goes hand in hand with industrial development. It can supply 

the items that citizens need and improve their financial well-being. The 

distribution of the industry's growth will significantly impact how 

society develops in the future. Additionally, the industry is a 
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substantial user of natural resources and an essential pollution 

producer.  

The adoption of liberalisation policies in India in 1991 made it 

easier than ever for private and foreign capital and technology to enter 

the industrial sector. India was able to establish a robust and diverse 

industrial structure as a result, placing our nation among emerging 

economies. Managing various industrial wastes substantially threatens 

the living system, which is a significant problem in India (5). The risks 

that various industrial pollutants offer to living systems regarding their 

negative impacts and possible hazards are growing daily. In India, 

unregulated imports, illegal dumping sites, and insufficient information 

on the production and disposal of hazardous waste are the main issues 

related to industrial waste. For effective management and handling of 

dangerous wastes in the nation, the Ministry of Environment and 

Forests (MoEF) issued the Hazardous Waste (Management & 

Handling) Rules, 1989, which were subsequently revised in 2000, 

2003, and 2016 (6). 

1.1.  Solid waste 

 Solid wastes are undesirable or pointless byproducts of human 

activity, ranging from industrial waste to municipal garbage, and some 

may contain complicated and dangerous compounds. Figure 1.1 shows 

the main categories of solid waste.  
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Figure 1.1. Major classification of solid waste 

The total amount of solid waste produced in India is 160038.9 

metric tonnes per day (TPD), of which 152749.5 TPD is collected with 

a 95.4 % collection efficiency. 79956.3 TPD of solid waste is 

processed at 50 %, 29427.2 TPD is landfilled at 18.4 % and 31.7 % of 

the waste produced, or 50655.4 TPD, remains unaccounted for (7). 

Maharashtra, Uttar Pradesh, West Bengal, Gujarat, and Delhi's 

National capital territory produce approximately half of the nation's 

solid waste out of India's twenty-eight states and eight union territories. 

Figure 1.2 shows India's solid waste generation trend by the states in 

TPD (8). 



4

 

Figure 1.2. State-wise solid waste generation in India 

1.1.1.  Municipal solid waste  

Municipal solid waste (MSW), commonly known as garbage or 

trash, comprises the everyday materials we use and discard, including 

clothing, furniture, newspapers, bottles, product packaging, paint, grass 

clippings, food scraps, appliances, and batteries. Our workplaces, 

schools, hospitals, and residences generate MSW and its production is 

projected to rise from an estimated 2.01 billion tonnes in 2016 to 3.40 
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billion by 2050 (9). East Asia and the Pacific are projected to have 

produced 468 million tonnes of MSW. In contrast, the Middle East and 

North Africa made the least amount in 2016 at 129 million tonnes. 

MSW is produced globally at a rate of 1.2 kg per person per day, or 

1300 million tonnes per year (Mt/year). By 2025, this enormous 

amount of MSW is expected to increase to 2200 Mt/year, and 

managing this massive volume of MSW poses a severe threat to the 

sustainability of the environment (10). The production of MSW causes 

significant ecological pollution, primarily due to the emission of gases 

that contribute to the greenhouse effect, such as methane and carbon 

dioxide, as well as the high proportion of organic materials that make 

up solid waste and their frequently improper disposal. Municipal 

administrations are under pressure to create more effective techno-

economic and political solutions to manage the expanding amounts of 

MSW due to this environmental danger (11). An overview of the 

global MSW generation is given in Figure 1.3 (12). 

 

Figure 1.3. Forecast of global MSW generation 
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There are 377 million people living in metropolitan areas in 

India, and they produce an estimated 55 million tonnes of MSW each 

year. India's urban population is expected to increase to 600 million by 

2030 and 814 million by 2050. So, by 2030, India is expected to 

produce 165 million tonnes of MSW, and by 2050, 436 million tonnes. 

By 2030, MSW is anticipated to emit 41.09 million tonnes of 

greenhouse gases annually (13). India's massive population generates 

0.15 million tonnes of MSW daily, of which 0.14 million tonnes (or  

90 %) are collected (14).  

1.1.2.  Biomedical waste 

Any waste produced during people's or animal s diagnosis, 

treatment, or immunisation might be considered biomedical waste (15). 

This waste could include potentially dangerous elements, including 

infectious agents, sharps, chemical or radioactive compounds, or other 

medical wastes that, if managed improperly, could endanger the 

environment and public health. Sharps, pathological, infectious, and 

chemical wastes are a few categories that need to be separated for 

effective biomedical waste management. After that, waste is gathered, 

transported, and stored as per the rules and regulations. Before the 

waste is disposed of in a way that minimises hazards to human health 

and the environment, it is treated using techniques like burning, 

autoclaving, or chemical disinfection. 

1.1.3.  Major industrial solid wastes in India 

The industrial sector's rapid expansion in India is to blame for 

much of the waste produced today. The following industrial solid 
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wastes are considered a massive threat to the environment in India. The 

primary industrial solid wastes produced in India are lime from the 

pulp and paper industries, gypsum from the fertiliser and related 

industries, red mud from the aluminium, zinc, and copper industries, 

blast furnace slag and steel melting slag from integrated iron and steel 

mills, and coal ash from thermal power plants. These are briefly 

explained below. 

1.1.3.1. Coal ash  

The tiny powder particles left behind from burning coal and 

heavier elements settling to the furnace's bottom are considered as coal 

ash. India's thermal power plants that burn coal produce an average of 

200 million metric tonnes of ash annually, which has been gradually 

rising. By 2032, this number will reach 600 million (16). The Central 

Electricity Authority's (CEA) most recent estimates indicate that Indian 

power plants produced 217.04 million metric tonnes of ash in 2018-19 

based on information from 195 thermal power units (17). Such 

enormous amounts of ash provide management difficulties for plant 

managers and several public health issues for the local people 

surrounding the ash disposal sites. The usual disposal of ash as slurry 

currently uses roughly 40,000 hectares of land, just in terms of land 

use. 

1.1.3.2. Integrated iron and steel plant slag 

During various phases of metallurgical processes, steel 

factories produce enormous amounts of waste materials. These include 

tar sludge, blast furnace slag, Linz-Donawitz (LD) slag, coke bridge, 
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and blast furnace flue dust. The source of production, raw material 

quality, and metallurgical processes all significantly impact the 

composition of these materials (18). Waste from steel plants is often 

disposed of in landfills, which harms the environment. 

1.1.3.3. Red mud 

One of the top ten mineral producing nations in the world is 

India. Commercial production of aluminium metal from bauxite ore 

consists mainly of two processes. The Bayer process first produces 

alumina, and then in the second stage, aluminium metal is produced by 

electrolysing the alumina in the Hall-Heroult cell. However, the 

extraction of alumina from bauxite is linked to significant 

environmental issues (19). The primary waste product is red mud or 

bauxite residue, and depending on the bauxite's quality, between 55 

and 65 % of the bauxite processed is turned into red mud. Around the 

world, red mud is disposed of on land or in the neighbouring sea or 

ocean. The nearby water, land, and air are all harmed by its high 

alkalinity. The Central Pollution Control Board (CPCB) of India 

provided the report, which states that the yearly production of red mud 

worldwide is 140 million tonnes, with 75-80 % of that amount being 

produced in Australia and China, and that India generates about 9 

million tonnes of it annually (20).  

1.1.3.4. Lime mud 

Lime mud is produced as waste in pulp and paper mills since 

calcium oxide cannot be recovered due to the high silica concentration 

(21). When lime mud is disposed of, it is frequently dumped into low-
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lying areas, into water supplies directly, or as run-off during the 

monsoon, endangering the ecosystem severely. 

1.1.3.5. Phosphogypsum  

Phosphogypsum is a byproduct of the fertiliser industry during 

the production of phosphoric acid. About 12 million tonnes of 

phosphogypsum are produced annually in India. Only around 40-50 % 

of it is reused in the production of cement, fertiliser for farming, 

gypsum board, etc. The remaining phosphogypsum is disposed of as 

landfill and deposited in water streams in slurry form, which pollutes 

the environment (22). 

1.1.3.6. Polymer waste 

One of the industries with the quickest growth rate, polymer 

production contributes to the Indian economy at an annual growth rate 

of 18 %. More than 4 million people work in the polymer 

manufacturing industry. India's plastic consumption is expected to 

reach 20.89 million tonnes in 2021-22 and 22 million tonnes by 2023; 

therefore, the sector needs to implement circular economy concepts to 

reduce waste and pollution and provide new chances for growth and 

innovation. With packaging materials accounting for a sizable portion 

of the plastic trash produced, India is the second-largest user of plastic 

in the world. Approximately 9.46 million metric tonnes of plastic 

garbage are produced in the nation each year, but only 60 % of that 

amount is recycled, according to a report by the CPCB (23). The 

residual wastes frequently wind up in rivers, seas, and landfills, 

harming the ecosystem and marine life. There are serious repercussions 
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from this widespread plastic pollution, including harm to human health 

and the ecosystem. 

In addition to these significant industrial wastes, footwear 

manufacturing generates substantial amounts of rigid polyurethane 

(PU) waste during sole production. The condom manufacturing 

industry uses massive quantities of light magnesium carbonate as a 

finishing powder and is discarded after use. The pigment industries 

produce enormous amounts of sodium sulphate during production 

processes. Waste like chrome shavings, buffing dust, and keratin waste 

from the leather sector are also to be considered (24). All the 

abovementioned industrial wastes are disposed of in landfills, which 

causes soil, water, and air pollution to affect the living system 

significantly. It is high time to introduce technologies to effectively 

and safely remove and reutilise these industrial wastes, emphasising 

the circular economy approach. 

1.2.  Current solid waste management methods in India 

The management of solid waste is a significant issue in India 

due to the country's rapid urbanisation, industrialisation, and economic 

development (25). Waste management involves separating waste at the 

source and using specialised facilities for waste processing to separate 

recyclable elements. The best waste management systems offer a 

tailored and organised processing of materials that maximises resource 

recovery from waste (26,27). An adequate system should minimise the 

initial production of materials through source reduction, followed by 

reusing and recovering to reduce the number of materials compared to 
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the traditional disposal method, symbolised by the four Rs as stated 

below in Figure 1.4. 

 

Figure 1.4. Hierarchy of waste management 

 The most popular option, reduce, calls for reducing the waste we 

produce by consuming less plastic. 

 The second choice is reuse, which entails utilising items more than 

once to conserve resources, energy, and money. 

 The next item on the list is recycling, which involves transforming 

garbage into fresh goods. 

 After the reduce, reuse, and recycle procedures have been 

optimised, recovery takes place. The final option is disposal; 

however, this is the least favoured option and the last resort. 

The significant steps involved in solid waste management 

(SWM) are as follows: 
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1.2.1.  Collection and transport of waste 

Regular collections of industrial solid waste should be made, 

and current techniques should be used to load it onto packer or 

container trucks before transporting it manually or mechanically. The 

garbage is compressed to a high density at the collection centres before 

being transferred to the disposal locations. 

1.2.2.  Incineration  

In essence, burning industrial waste involves oxidising any 

combustible components that may be present. Waste is a 

heterogeneous mass comprising water, minerals, metals, and organic 

substances. Industrial waste incineration releases air pollutants, 

particularly fine particles and hazardous gases, which are harmful to 

the environment and must be controlled. Other issues with incineration 

include the challenge of ash disposal in landfills due to heavy metal 

residues and the removal of liquid waste from floor drainage, quench 

water, scrubber effluents, and other liquid wastes. 

1.2.3.  Landfill 

The most economical and popular way for many nations to 

dispose of their solid waste is through landfilling. Town dumps were 

once typically used in low-lying locations close to water sources. The 

consequences of this dirty dumping included water contamination, 

unpleasant smell, fire, insects, rats, etc. Nowadays, sanitary landfilling 

is used, which calls for the selection of dumping sites using science, 

controlled deposition, improved compaction techniques, leachate 

collection to stop water contamination, and site monitoring to prevent 

environmental pollution. 
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1.2.4.  Composting 

Composting is a controlled environmental process that involves 

the microbial bio-oxidation of biodegradable organic materials. After a 

brief thermophilic stage brought on by oxidation, there is a cooling 

phase during which deteriorated organic matter forms. After being 

allowed to mature at room temperature, this material becomes a stable, 

humus-like substance called compost that has preserved the mineral 

ingredients good for soil and plants. However, this method is limited to 

the management of biodegradable industrial wastes. 

1.2.5.  Recycling 

Recycling is reprocessing the disposed waste material into a 

valuable product. Recyclability is the capacity of a substance to regain 

the characteristics that it possessed when it was first created. It 

promotes environmental sustainability by keeping raw material inputs 

out of the economy and rerouting waste produced from it. 

1.3.  Reutilisation of industrial waste 

Intensive Research and Development (R&D) efforts have been 

focused on finding compatible and cost-effective remedies for waste 

minimisation and its utilisation today (28). Recent SWM strategies 

include newer or re-engineered processes that decrease toxic 

emissions, maximise current levels of waste utilisation, and develop 

high-value products. Recently, synergistic usage of solid waste from 

various industries with different compounds to produce value-added 

products has also been gaining momentum. Table 1.1 briefly explains 

various researcher s attempts on utilising different industrial wastes. 
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1.4. Composites 

Composites are hybrid materials that consist of two 

components: a matrix, which is a continuous phase, and a 

reinforcement or filler, which is a discontinuous phase with variable 

properties. These two components create a material with distinct 

qualities (39). Figure 1.5 provides the classification of composites 

based on matrix and dispersed phase characteristics. 

Figure 1.5. Classification of composites 

The increased mechanical, thermal, optical, and solvent 

absorption resistance of polymer matrix composites make them 

increasingly popular despite the availability of numerous metal and 

ceramic-based composites. The fillers used in the polymer matrix, 

which are reinforcing materials, provide high strength and stiffness. 

1.5. Natural rubber as matrix 

When fabricating composite materials, elastomers with 

distinctive properties, including stiffness, low density, strength, and 

simplicity of processing, are frequently used as a matrix. Elastomers 
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often have an amorphous structure, considerable molecular weight, and 

weak intermolecular forces. High toughness, good tensile strength, and 

exceptional elongation at break can all be found in an elastomeric 

matrix. These matrices are frequently used in the wire, cable, space, 

automotive, and sports industries. 

Natural rubber (NR), one of the most important elastomers for 

human society, is an essential raw resource that goes into the 

production of over 40,000 distinct products. NR is extensively used in 

various fields like automobile, consumer goods, healthcare, 

construction, electrical, marine, agriculture, fashion and apparel, 

adhesives and coatings, etc. (40). NR is made from latex, a milky fluid 

generated by many plants that contains proteins, carbohydrates, 

alkaloids, etc. Hevea brasiliensis, the rubber tree, is the principal 

source of NR latex. NR comprises viscoelastic cis-1-4 polyisoprene 

units with a high molecular weight. NR's chemical composition in 

polymer matrix composites is more common despite the availability of 

many metal and ceramic-based composites due to their enhanced 

mechanical, thermal, optical, and solvent absorption resistance. A 

polymer matrix loaded with reinforcing components gives the matrix 

high strength and stiffness. Figure 1.6 illustrates NR's chemical 

structure. 

 
Figure 1.6. hemical structure  
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1.6.  Fillers 

In addition to curatives, the rubber may contain certain 

compounds known as fillers to satisfy particular industrial 

specifications. The primary goals of adding fillers to rubber are to 

increase processability, improve reinforcement, and make it more 

affordable. Particulate fillers, hybrid fillers, fibrous fillers, and 

laminates are the four main categories for fillers. In general, filler 

materials are stiffer than the matrix, and the extent to which they can 

improve a material's properties relies on the nature of the material, its 

shape, and whether it is reinforcing or not. The classification of fillers 

is displayed in Figure 1.7. 

 

Figure 1.7. Classification of fillers 

1.7.  Natural rubber composites 

NR-based composites have a wide range of industrial uses in 

many different industries, including the manufacture of shoes, tyres, 

sporting goods, hoses, glues, belts, gaskets, etc. In order to improve 
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mechanical qualities significantly, vulcanisation is the most important 

step in the rubber industry (41). NR is mixed with curing ingredients 

during vulcanisation, including accelerator, crosslinking agent, 

activator, etc. To fulfil the demands of the industry today, NR 

composites with curing chemicals alone are insufficient. The neat 

rubber is given a boost in several qualities by adding fillers, which are 

insoluble foreign substances (42). Particle size, shape, aspect ratio, and 

specific surface area of the filler all influence the rubber-filler 

composite's improved properties (43). In the past, silica and carbon 

black were frequently utilised as fillers to reinforce NR (44,45). 

However, the downside of these fillers is that they cause the formation 

of aggregates in the rubber matrix (46). This defect is rectified by 

adding nano and hybrid fillers with a highly specific surface area, and 

the mechanical characteristics of rubber composites are improved by 

strengthening the bond between the rubber and the filler (47,48). 

Rubber-filler compatibility is a crucial factor for homogenous filler 

dispersion on the matrix, which results in superior performance. 

However, most fillers do not have this advantage, primarily because 

filler and rubber have different polarities (47). The rubber industry 

now encounters the abovementioned problems while making high-

performance NR-filler composites. 

1.8.  Reutilisation of industrial waste as fillers in rubber  

Urbanisation and industrial growth produce vast quantities of 

waste, and it is now in the national interest to recycle these materials 

effectively. In developed nations today, the adoption of green 

chemistry guidelines and the notion of global economic sustainability 
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is growing in popularity (49). Therefore, sustainable development aims 

to manage these industrial wastes in an eco-friendly manner so that 

new materials can be designed for additional applications (50). 

Numerous attempts have been made to create unique, sustainable 

composites to recycle and repurpose waste materials as fillers in 

rubber. A thorough examination of the possibilities for repurposing 

industrial waste from different categories may be found below. 

1.8.1. Organic/ Carbon based fillers 

The mechanical properties of polymer materials are enhanced 

by introducing powdered organic fillers. Carbon-based rubber 

composites are made from a proper combination of the rubber matrix 

and organic fillers produced by appropriate processing techniques (34). 

The hydrodynamic interactions between the rubber and nanofiller 

surfaces are the primary factor enhancing the carbon nanofiller's 

reinforcing effect (51). The reports on reusing organic or carbon-based, 

inorganic, and bio-material waste from various sectors are given in 

Tables 1.2. to 1.4. 
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1.8.2.  Inorganic fillers  

Inorganic fillers improve rubber blend s interfacial interactions, 

thereby thermal and mechanical properties by stabilising their 

interfaces. Multi-functional inorganic fillers include silica, CaCO3, 

clay, zeolite, and organoclay as inorganic compatibilizers  (67,68). Due 

to the strong interactions between the rubber and filler phases, silica is 

among the most widely used fillers (69). Prospective replacements for 

these materials, including organo-montmorillonite, mica, bio-based 

fibres, and biochar, have been researched for better performance 

(70,71). For instance, mica-based fillers are now employed in 

elastomers and various general applications such as plastic 

components, adhesives, etc. (72). 

1.8.3.  Bio-fillers 

As a result of environmental concerns, bio-fillers, also known as 

natural fillers, are being employed more frequently to create different 

polymer composites. Compared to synthetic fillers like CB, silica, 

graphene, carbon nanotube (CNT), and carbon nanofiber, bio-fillers 

have the advantages of being renewable, abundant, and inexpensive 

(73,74). Additionally, bio-fillers have various benefits, including low 

density, sustainability, and reduced manufacturing energy usage (75). 

Bio-fillers made from plant fibres are less compatible with rubber 

matrices since they are hydrophilic (76). 
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1.9. Research gap 

The ecology is adversely affected by the notable surge in 

industrialization due to the excessive discharge of diverse industrial 

wastes. The overproduction of industrial wastes can no longer be 

solved by conventional means like landfills. Therefore, the reutilisation 

of these wastes is becoming more popular. It is imperative to 

concentrate on the effective and efficient use of various industrial 

wastes for repurposing to reduce production costs and prevent 

pollution. In addition to recycling industrial waste, high-performance 

rubber composites are desperately needed for a wide range of 

applications.  

There are many reports on the use of biomaterials as rubber 

fillers for specific applications. However, the literature lacks 

information about repurposing industrial solid wastes from the 

footwear, condom, and pigment industries. The ecosystem is severely 

contaminated by the production of large volumes of the 

aforementioned wastes, which are usually disposed of in landfills. 

Consequently, there is ample opportunity to utilise these industrial 

wastes as fillers with reinforcement in NR to create NR-waste 

composites, which would enhance NR's mechanical, thermal, and 

sorption properties. 

1.10. Scope and objectives of the present work 

The primary aim of the current work is to propose innovative 

technologies for the reutilisation of waste materials from the footwear, 

condom, and pigment industries and fabricating NR-waste composites 
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with enhanced properties for possible applications in the rubber 

industry. The circular economy approach to cost reduction and 

pollution control is the paramount relevance of this work. The main 

goals and objectives of the current work are listed below. 

1.   To collect, remove other impurities, and powder the following 

industrial wastes. 

a) Polyurethane waste (PUW) from the footwear industry. 

b) Magnesium carbonate waste (MCW) from the condom 

manufacturing industry. 

c) Sodium sulphate waste (SSW) from the pigment industry. 

2.   To characterise the powdered industrial wastes by using various 

analytical techniques such as Fourier-transform infrared 

spectroscopy (FTIR), X-ray diffraction (XRD) analysis, dynamic 

light scattering (DLS) method, field emission scanning electron 

microscopy (FESEM), high-resolution tunnelling electron 

microscopy-energy dispersive X-ray (HRTEM-EDX) analysis, 

Brunauer Emmett Teller (BET) analysis, and thermogravimetric 

analysis (TGA). 

3.   To employ the powdered waste materials as fillers in NR for 

fabricating NR-waste composites by two-roll mill mixing method.

4.   To characterise the prepared NR-waste composites using 

attenuated total reflectance-Fourier Transform infrared 

spectroscopy (ATR-FTIR), Field emission scanning electron 
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microscopy (FESEM), and thermogravimetric analysis (TGA) 

techniques.  

5.   To study the prepared NR-waste composite rheological, 

mechanical, thermal and sorption properties. 

6.   To compare the experimental results with various established 

mechanical models and to study the non-isothermal degradation 

kinetics by isoconversional model-free approaches. 

7.   To employ clay as an additional filler in industrial wastes-filled NR 

composites and to study its rheological, mechanical, thermal, and 

sorption properties. 

The primary outcome of this work is to reutilise industrial solid 

wastes as potential fillers in NR and other synthetic rubbers to 

fabricate new rubber composites with improved mechanical, thermal, 

and sorption properties. The fabricated rubber composites may find 

their potential for manufacturing common industrial components like 

pad assemblies, mud flaps, automobile parts, gaskets, seals, drive 

couplings, etc. The proposed approach will help to lower production 

costs, prevent environmental pollution, and promote a circular 

economy approach. 
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2.1.  Materials 

Various materials used for the fabrication of composites in the 

present investigation, their specifications and properties are described. 

2.1.1. Natural rubber  

Natural rubber (NR), an elastomeric hydrocarbon polymer, is 

found in the sap of the rubber tree, Hevea brasiliensis, as a milky 

colloidal suspension or latex. The rubber particles are dispersed 

steadily in an essentially watery media to form latex. It has a rubber 

content of 35-40 %, a water content of 55-60 %, and a solids content of 

5 % (proteins, sugars, resins and salts). Rubber is made by adding 

acetic acid or formic acid, which acts as a coagulant, to the latex and 

coagulating it. The coagulated substance is dried and sheeted out. In 

the current work, Indian standard natural rubber (ISNR 5) grade NR 

was procured from the Rubber Research Institute of India at Kottayam. 

The following Table 2.1 lists the Indian Standard Specification for 

ISNR 5. 

Table 2.1. Specifications of ISNR 5 

  

  

  

  

  

  

  

  



42

2.1.2. Polyurethane waste from the footwear industry 

PU offers an intriguing polymer family by reacting various 

polyols with polyisocyanates because their mechanical, thermal, and 

chemical properties may be customised to fit desired applications. 

Manufacturing the soles for shoes and chappals uses a sizeable amount 

of PU in the form of crosslinked microcellular foams (106,107). The 

PU market alone is projected to be valued at USD 5.9 billion in 2024, 

rising at a compound annual growth rate (CAGR) of 7.6 % (108). The 

significant growth is linked to the expansion of the footwear industry, 

which is marked by changes in lifestyle and fashion as well as superior 

qualities, including high mechanical strength, which makes PU shoes 

sturdy and long-lasting (109,110). The PU sole is ideal for foot 

comfort since it has a soft texture, excellent elasticity, and a lower 

density than other soles. It also has excellent resistance against wear, 

tear, bending, high hardness, and superior shock absorption. Today, PU 

soles are used in various shoe styles, including athletic, casual, boots, 

formal, slippers, and sandals. 

Global footwear exports climbed by 30.8 % in volume and  

80.8 % in value over the past nine years due to a 20.5 % growth in 

global footwear manufacturing. China and India account for roughly 

65 % of worldwide manufacturing, making Asia the region that 

produces and uses the most footwear items (108). India is just behind 

China in the world's shoe production, with a yearly production of close 

to 16 billion pairs. Figure 2.1 shows the global production and 

consumption of footwear in 2020. 
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Figure 2.1. Global footwear production and consumption 

Due to the widespread use of PU in the footwear industry and 

the significant amount of it that is dumped in landfills worldwide, PU 

poses a substantial threat to the environment today. The considerable 

impact of polyurethane waste (PUW) from the footwear industry and 

post-consumer footwear waste recycling on environmental degradation 

calls for careful consideration (111). Due to continual changes in 

regulatory requirements and environmental concerns, PU recycling is 

currently receiving attention on a global scale. 

PUW was collected from M/s Veekesy Elastomers Pvt. Ltd. 

Kozhikode, Kerala. PU is made in the footwear industries by 

copolymerising butane-1,4-diol (Huntsman International (I) Pvt. Ltd., 

India) and diphenylmethane 4,4'-diisocyante (Huntsman International 

(I) Pvt. Ltd., India) and combining it with a chosen dye to give desired 
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colour. The diol, diisocyante and dye were allowed to travel through 

the pouring machine into the mould after all three components had 

been thoroughly combined to undergo polymerisation. The mould is 

heated first to ensure uniform mixing and then chilled to harden in the 

appropriate shape. After 5-6 usages, the mixer machine needs to be 

cleaned using dichloromethane. After cleaning, dye, diol, and 

diisocyanate are again permitted to enter the mixer. The PU produced 

after cleaning the mixer is discarded as it can't be utilised for 

manufacturing the sole. In a mixer machine, 5 kg of PUW is typically 

generated each day when only one dye is used, and this amount can 

increase up to 25 kg when different dyes are used. The digital images 

of the PU-based shoe sole waste collected, the cut pieces and powdered 

PUW, respectively, are displayed in Figure 2.2 (a-c). 

 

Figure 2.2. Digital images of (a) PUW, (b) cut pieces of PUW and (c) 
powdered PUW  

2.1.3. Magnesium carbonate waste from the condom industry 

One of the most prevalent and well-liked birth control methods 

today is using male condoms (112). Latex, which is vulcanised to 
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boost the rubber's strength and durability, makes up the majority of 

condoms. During its manufacturing, fatty acids and surfactants are 

used as a binding agent and stabiliser to the latex. Zinc oxide is also 

incorporated to protect the rubber from UV radiation and fungal 

deterioration. Accelerators and antioxidants are also added to prevent 

harmful nitrosamine formation and oxidative degradation. Compared 

to water-based lubricants, silicone-based lubricants maintain slippery 

properties for a much more extended period. Magnesium carbonate and 

calcium carbonate are frequently used to make condoms less sticky 

(113). Many manufacturers now employ pharmaceutical-grade light 

magnesium carbonate (LMC) to lessen the stickiness of condoms. By 

2022, it is anticipated that the Indian condom industry will reach $180 

million due to increased consumer knowledge of sexually transmitted 

infections (STIs) and human immunodeficiency virus (HIV) attacks, 

thanks to the Government of India's initiatives. HLL Lifecare Ltd., 

Reckitt Benckiser (India) Ltd., Mankind Pharma, TTK Protective 

Devices Ltd., Cupid Ltd., and Raymond Ltd. are significant companies 

that dominate the Indian condom market. 

Light magnesium carbonate waste (MCW) was procured from 

the Government of India-owned company, HLL Lifecare Ltd., 

Thiruvananthapuram, Kerala. HLL Lifecare Ltd. has eight condom 

manufacturing units nationwide. Its manufacturing facility in 

Thiruvananthapuram, Kerala, was established in 1969 and has 

undergone continuous modernisation with an annual production 

capacity of 1947 million condoms. The finishing powder used in the 

last phases of condom production was either silica or LMC.  About  
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75-85 tonnes of MCW are produced annually in a condom 

manufacturing unit, and no attempts to repurpose it have been reported. 

This MCW is usually dumped in landfills, which makes drinking water 

harder. The careless disposal of MCW and the resultant water pollution 

prompted to focus on the possibility of its reutilisation. Figure 2.3 

includes a digitised image of MCW. 

 

Figure 2.3. Digital image of MCW. 

2.1.4. Sodium sulphate waste from the pigment industry 

The leading producer of inorganic pigments and surfactants, 

Ultramarine and Pigments Ltd., Chennai, India, provided sodium 

sulphate waste (SSW). The digital representation of SSW is displayed 

in Figure 2.4. 
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Figure 2.4. Digital image of SSW 

Ultramarine blue (sodium-alumino-silicate) is a pigment 

containing mineral-rich zeolite with trace levels of polysulphide. The 

most intricate of the mineral colours, ultramarine (Na8-10Al6Si6O24S2-4), 

includes the blue cubic mineral lazurite and is a complicated sodium 

silicate that has sulphur (the major component in lapis lazuli) (114). 

The unpaired electron in the S  radical anion gives the pigment its 

blue colour. Ultramarine blue is non-toxic, does not contaminate 

clothing, and is exceptionally stable in heat and light. It can also 

withstand high temperatures. It is regarded as an excellent tinting agent 

and an optical brightener and gives resilience to plastic structures. 

Figure 2.5 depicts the entire production process of ultramarine blue. 
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Figure 2.5. Manufacture of ultramarine blue 

A sizable amount of water is required to purify the ultramarine 

blue slurry during production, and the generated wastewater has 

extraordinarily high levels of soluble inorganic salts, especially sodium 

salts, which severely pollute the water (115,116). The wastewater from 

the pigment industry includes a significant amount of dissolved sodium 

sulphate. Sulphate can be converted to sulphide, released into the 

atmosphere as H2S, or precipitated as an insoluble salt of lead or 

barium (117). Sodium sulphate concentrations range from 100 mg/L to 

3000 mg/L in industrial wastewater. Although the health effects of 

sulphate are acute (diarrhoea) and relatively short-lived, a significant 

reduction in sulphate concentration in drinking water is advised (118). 

High sulphate concentrations can produce scaling in pipes and 

sprinkler blockage when combined with iron and calcium. They can 

cause corrosion cracking, dealloying, pitting, corrosion of crevices and 
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metals, and corrosion of public works (119). Skin and eye irritation are 

two health effects caused by sodium sulphate, which can have long-

term repercussions on aquatic life. Biological treatment techniques 

have little to no impact on removing sodium sulphate (120). The most 

favoured method for recovering sodium sulphate from aqueous streams 

involves evaporation followed by crystallisation, but this method is 

unprofitable when the salt concentration is relatively low. When salt 

concentration is low, membrane-based separation technologies have 

become more desirable. 

2.1.5. Clay 

Clay is a prominent type of hydrous aluminium silicate having 

a sheet-like (layer-like) structure and small particle sizes. Significant 

quantities of potassium, sodium, and calcium are also commonly 

found, while iron partially replaces magnesium and aluminium. Clay is 

widely used to enhance the stiffness, electrical insulation, thermal 

stability, barrier qualities, and other properties of polymers (121,122). 

In this work, clay was utilised as a supplementary filler with PUW to 

examine its effect on enhancing the mechanical, thermal, and sorption 

properties of NR-PUW composites. Hydrated clay was collected from 

English Indian Clays Ltd. (EICL), Thiruvananthapuram, Kerala, and is 

displayed in Figure 2.6. 
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Figure 2.6. Digital image of hydrated clay dried at 50 °C for 6 hours 

2.2. Chemicals  

Specifications and attributes of various substances employed in 

this study, except the matrix and fillers, are described.  

2.2.1. Zinc oxide  

Zinc oxide is a common activator in the rubber formulation, 

and the following specifications (Table 2.2) apply to the zinc oxide 

(white seal grade) provided by Pondy Oxides and Chemicals Ltd., 

Chennai. 

Table 2.2. Specifications of zinc oxide 
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2.2.2. Stearic acid  

Stearic acid was also used as an activator and bought from 

Godrej Industries Ltd., Gujarat. It had the following specifications as 

specified in Table 2.3. 

Table 2.3. Specifications of stearic acid 

  

  

  

 -  

 -  

  

  
 

2.2.3. N-Cyclohexyl-2-benzothiazolesulphenamide  

N-cyclohexyl-2-benzothiazolesulphenamide (CBS), acquired 

from Nocil Ltd., Mumbai, was employed as an accelerator and had the 

following specifications (Table 2.4). 

Table 2.4. Specifications of CBS 

  

  

 -  

  
 

2.2.4. Tetramethylthiuram disulphide  

Tetramethylthiuram disulphide (TMTD) was also used as an 

accelerator, and the supplier of TMTD was Nocil Ltd., Mumbai, with 

the specifications given in Table 2.5. 
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Table 2.5. Specifications of TMTD 

  

 -  

  

  

 

2.2.5. 2,2,4-Trimethyl-1,2-dihydroquinoline  

The antioxidant 2,2,4-trimethyl-1,2-dihydroquioline (TMQ) is 

commonly utilised in dry rubber applications to maintain surface and 

physical properties such as superior heat resistance, strong anti-scorch, 

and high colour retention at low concentrations. The parameters of 

TMQ, which was bought from Sigma-Aldrich Chemicals Private 

Limited, Bangalore, are recorded in Table 2.6. 

Table 2.6. Specification of TMQ 

  

  

  

  

  

 

2.2.6. Sulphur  

Sulphur was used as a vulcanising agent, supplied by Oriental 

Carbon and Chemicals Ltd., Gujarat and had the specifications listed in 

Table 2.7. 



53

Table 2.7. Specifications of sulphur 

  

  

  

  

  

  
 

2.2.7. Solvents 

The solvents, namely toluene, xylene, mesitylene, and hexane, 

were purchased from E. Merck (India) Ltd., Mumbai (AR grade, 99 % 

pure), and petrol was collected from Indian Oil Corporation Ltd. Table 

2.8. lists the physical characteristics of the solvents that were used. 

Table 2.8. Physical characteristics of solvents used 

Solvent 
Molecular 

weight 
Density 
(kg/m3) 

Boiling 
point 
(ºC) 

Solubility 
parameter
(MPa1/2)

Toluene 92.14 867 109 18.3 

Xylene 106.17 860 137 18.2 

Mesitylene 120.19 864 164.7 18.0 

Hexane 86.18 661 68.7 14.4 

Petrol 80-100 710-737 70-150 - 
 

2.3. Experimental methods 

The experimental methods for rubber compounding, 

formulation of NR mixes, sample designations and formulations of 

fabricated composites, moulding, various rheological and mechanical 
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parameters, and employed theoretical modelling techniques are 

explained below. 

2.3.1. Rubber compounding 

The compounding was performed using a laboratory 6"×12" 

two-roll mixing mill under ASTM D3184 (Figure 2.7). After three 

minutes of masticating the rubber through the mill, activators, fillers, 

processing aids, accelerators, and vulcanizing agents were added to the 

compounding materials. Two more minutes of mixing were required to 

ensure the homogeneous mixing of all components. After that, the 

compound was allowed to run five times through a narrow nip gap 

before being sheeted out at a 3 mm nip gap. The mill speed ratio, nip 

gap, and roll mixing duration remained constant for all the mixes. 

Before moulding, the compound was allowed to mature for a full day 

at room temperature. 

 

Figure 2.7. Two-roll mixing mill 
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Table 2.9. provides the general formulation of the NR mixes. 

Table 2.9. Formulation of the NR mixes 

  

  

  

  

  

  

  

  

 

2.3.2. Compression moulding 

The composites were vulcanised in conventional moulds using 

an electrically heated hydraulic press with a 12" × 12" platen size and 

150 kg/cm2 pressure at a predetermined temperature and ideal cure 

time. The specimens were quickly cooled by soaking them in water 

after moulding, and they were then cured for 24 hours at room 

temperature. The required samples were cut from the set sheets to 

create the test specimens. 

2.3.3. Cure characteristics  

A Rubber Process Analyser, RPA-2000, was used to analyse 

the compound's cure characteristics. The rubber process analyser uses 

two directly heated, opposite biconical dies. A circular disc-shaped 

specimen weighing about 5 g was held in the bottom die and oscillated 
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at a 0.5 deformation angle (100 cycles per minute frequency). The 

force is transferred through the rubber and sensed by the upper die's 

torque transducer. The computer receives the measurements produced 

by the torque transducer. The chosen attributes are measured, and the 

calculations and results are shown. The rheography can provide the 

following information. 

The ideal cure time, or t90, is the period required to generate   

90 % of the maximal torque, determined using the following formula.

            (2.1)  

Scorch time, ts2: The time needed to increase 2 dNm of torque over the 

minimum torque. 

Maximum torque, MH: This is the highest torque recorded after the 

mixture is cured. 

Minimum torque, ML: The mix's lowest torque reading at the test 

temperature before cure begins. 

The following equation determines the cure rate index (CRI) and 

measures how quickly the cure response occurs. 

                                     (2.2)  

Reversion time: After MH has been attained, this is the time needed to 

reach 98 % of MH. 
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2.3.4. Stress-strain measurements 

The force applied per unit area of the original cross-sectional 

area when a specimen band is stated in megapascals (MPa) is known as 

tensile strength. The ability of rubber to stretch without breaking is 

known as elongation. It is equivalent to the extension created by 

applying a tensile force on a specimen that results in benchmarks. In 

relation to the initial distance between the markings, it is expressed as 

a percentage. An Instron Universal Testing Machine Model 3365 with 

a 5 kN load cell and a 500 mm/min displacement rate was used to 

conduct tensile tests under ASTM D412. A die was used to punch out 

specimens in the shape of dumbbells from the moulded sheets in the 

direction of the grain, as in Figure 2.8. Before testing, the sample's 

thickness was measured using a computerised gauge. These tests offer 

the composite's tensile strength, modulus values and elongation at 

break.  

 

Figure 2.8. Test specimen for tensile testing of rubber 
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2.3.5. Tear strength  

A test specimen's tear strength or resistance is determined by 

the highest force needed to tear it in a direction perpendicular to the 

direction of stress. The sample's tear resistance was tested under 

ASTM D624 using tab ends and an unnicked 90° angle on one side 

(Die C). The force operates on the test specimen in the direction of 

grasp separation in a direction parallel to the sample's tab ends. A 500 

mm/min test speed was used, and the test specimen is shown in Figure 

2.9. 

 

Figure 2.9. Test specimen for tear strength analysis 

2.3.6. Hardness  

The shore A hardness of compression moulded experimental 

samples was measured using a Bariess durometer under ASTM D2240. 

Unstressed samples with a thickness of 6 mm were used for the tests. 

Readings were collected after 10 seconds of indentation with an 
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applied load of 12.5 N when a solid contact had been made with the 

material. 

2.3.7. Abrasion loss 

Using a Bariess DIN abrader (Germany), the sample's abrasion 

resistance was assessed as per ASTM D5963. A 10 N load was 

applied, while a 16 ± 0.2 mm diameter sample piece was retained on a 

rotating sample holder. The sample was initially given a pre-run, and 

its weight was recorded. The weight of the sample piece after the final 

run was also noted. The formula used to determine the abrasion 

resistance index was 

                 (2.3) 

where m1 and m2 are the mass losses in mg of the test piece and 

standard rubber, respectively, and d1 and d2 are the densities of the test 

piece and standard rubber, respectively. 

2.3.8. Specific gravity   

The mass of a material is compared to the mass of an 

equivalent volume of deionised water to determine its specific gravity. 

A solid piece of rubber is generally removed from a moulded test slab 

or button and weighed twice: once in air and once in water. The 

density or specific gravity is then calculated. The specific gravity was 

calculated using a Densimeter at room temperature under ASTM 

D297. 
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2.3.9. Compression set  

The samples, which had a 12.5 mm thickness and 29 mm in 

diameter (ASTM D395), were subjected to compression to a constant 

deflection of 25 % and stored in duplicate at 70 °C in an air oven for 

22 hours. The samples were then removed and allowed to attain room 

temperature for 30 minutes, and then the ultimate thickness was 

determined. The compression set was computed by using Equation 

(2.4). 

                              (2.4) 

where Tn is the thickness of the utilised spacer bar, and T0 and Ti are 

the specimen's initial and final thicknesses, respectively. 

2.3.10. Heat build-up 

According to ASTM D623, a heat build-up investigation was 

conducted using a Dynesco Goodrich Flexometer. Using a 

compression moulding machine, the test pieces were made in the shape 

of a cylinder with 17.8 ± 0.1 mm diameter and 25 ± 0.15 mm height. 

The test pieces were maintained for 30 minutes at 100 °C. Throughout 

the investigation, both the test load and the chamber temperature 

remained constant. A pyrometer was used to measure the sample's 

temperature after 25 minutes. 

2.3.11. Rebound resilience 

The elastic behaviour of elastomers under impact load is 

evaluated using rebound resilience. An elastomer sample is tested to 
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determine how much kinetic energy it can return following an impact. 

The type of material, the formulation of the material, and the test 

temperature all affect rebound resilience. An evaluation of a rubber 

material's aptitude for vibration-related tasks is based on its rebound 

resilience. DIN 53512 and ISO 4662 both explain the rebound 

resilience test in detail. The so-called push pendulum is hoisted, 

released at a predetermined speed, and strikes the test specimen that is 

fixed vertically. The hammer's deflection, or measured rebound height, 

calculates the rubber sample's rebound resilience.  

2.4.  Mechanical modelling to determine the strength of polymer 

particulate composites 

The interfacial interaction between the filler and matrix was 

understood, and the tensile strength of NR-filler composites was 

confirmed using well-established theoretical modelling approaches. 

The mechanical properties of the composite depend on the filler's 

content, distribution within the matrix, morphology, and interaction 

with the matrix. In our investigation, three models were used to 

determine tensile strength: namely, the Nicolais-

Narkis (N-N) model (123), the Lu model (124), and the Turcsányi-

Pukànszky-Tüdõs (T-P-T) model (125) as analysed by Salam and 

Dong (126). These models are usually used to predict the tensile 

strength of rigid filler-polymer composites based on their interfacial 

properties. 
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2.4.1. Nicolais-Narkis model 

Matrix-filler adhesion is not considered when using the 

Nicolais-Narkis (N-N) model for uniformly distributed spherical 

particles. There is no stress transfer from the matrix to the filler 

because there is no matrix-filler interfacial adhesion. As a result, the 

matrix carried the entire load by itself, which is used to evaluate the 

composite's lower-bound strength. However, the strength of the upper 

bound is established by supposing complete matrix-filler adhesion. As 

a result, the composite's strength is equal to that of the matrix or 

unfilled polymer c m). Thus, Equation (2.5) provides the 

composite's tensile strength. 

                                                (2.5) 

where c and m represent the composite's and the matrix's respective 

tensile strengths and  is the volume fraction of the filler. 

2.4.2. Lu model 

The Lu model is a variation of the N-N model that considers 

matrix-filler adhesion, as seen in Equation (2.6) below. 

                                                 (2.6) 

The strength of the matrix-filler interfacial bonding is 

determined by this equation, which considers all the properties 

discovered by micromechanical measurement, micromechanical 

analysis, and microdamage monitoring. 
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2.4.3. Turcsányi-Pukànszky-Tüdõs model 

Strong particle-matrix interfacial bonding is assumed in the 

Turcsányi-Pukànszky-Tüdõs (T-P-T) Model, and an empirical 

relationship is suggested as given in Equation (2.7) below. 

                               (2.7) 

The value of B, a hypothetical constant, is primarily determined 

by the following factors: interfacial bonding energy, particle surface 

area, density, and bonding between particles. The computation 

mentioned above does not account for the effects of porosity, voids, or 

particle size. According to this criterion, a rise in the volume 

proportion of filler strengthens the composite. Additionally, the T-P-T 

model can be applied to composites by including spherical and 

anisotropic particles. 

2.5.  Mechanical modelling to validate Young's modulus 

Young's modulus is a unit used to measure and express a 

material's degree of stiffness (elastic modulus). The elastic modulus is 

constant in all directions for an isotropic material, although many 

composites have anisotropy. The following models, namely Einstein 

and Guth models, were employed. 

2.5.1.  Einstein Model 

Einstein suggested an equation based on the presumption that a 

hard particle exists to predict the modulus of elasticity of metal-matrix 

composites, as shown below by Equation (2.8) (127). 
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                                               (2.8) 

Where Ec and Em represent Young's moduli of the composite and 

matrix, and the filler's volume fraction is given by . Einstein's 

equation remains true only at low filler volume fractions and 

presupposes excellent matrix-filler adhesion and homogenous filler 

particle dispersal.  

2.5.2. Guth model 

Equation (2.9) below illustrates Guth's extension of Einstein's 

theory to account for rubber reinforcement and the modulus rise by a 

rigid spherical filler (128). 

                         (2.9) 

2.6. Characterisation techniques 

2.6.1. Fourier Transform infrared spectroscopy  

A molecule's structure and functional groups can be assessed 

using Fourier Transform infrared (FTIR) spectroscopy by detecting the 

distinctive vibrational frequencies of molecules. Shimadzu IR Affinity-

1S FTIR spectrometer with a range of 4000 cm-1 to 400 cm-1 was used 

in transmittance and attenuated total reflection (ATR) modes with a 

resolution of 4 cm-1, and the number of scans was 32. 

2.6.2. X-ray diffraction analysis 

Using X-ray diffraction (XRD) research, crystalline materials 

are characterised, and their structures are determined. Constructive 

interference between monochromatic X-rays and a crystalline material 
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is the basis of X-ray diffraction. Every crystalline solid has a distinct 

X-ray powder pattern that can be used to identify it, much like a 

fingerprint. The industrial waste 

using a Bruker AXS D8 Advance X-ray Powder Diffractometer 

operated at 40 kV and 35 mA, respectively, and Cu K  radiation. The 

entire area of crystalline and amorphous peaks beneath the diffraction 

curve of crystalline and amorphous peaks in the XRD pattern was 

divided to determine the percentage crystallinity of a sample. 

2.6.3. Dynamic light scattering analysis 

The scientific dynamic light scattering (DLS) analyser Horiba 

Particamini-LA-350 was used to measure filler dispersion in water. 

The method, also known as photon correlation spectroscopy (PCS), 

works by measuring the irregular variations in the brightness of light 

scattered from a solution or a suspension. A rapid photon detector 

measures the fluctuations in the scattered light at a specified scattering 

angle after illuminating the sample with a laser beam. 

2.6.4. Morphological studies - Scanning electron microscopy  

High-resolution surface imaging can be achieved using 

scanning electron microscopy (SEM). Field emission scanning electron 

microscopy (FESEM) analysis (MIRA3 XMU, Czech Republic, and 

Hitachi SU8010, Japan) was used to examine the morphology of the 

surface fractured samples. In this process, electrons are accelerated 

towards an anode from a cathode made of tungsten or lanthanum 

hexaboride using thermionic emission; field emission is also an option. 

These concentrated high-intensity electron beams scan the object and 
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produce a range of surface signals. Various signals can be detected, 

including diffracted backscattered electrons, high-energy backscattered 

electrons, secondary electrons of low energy, and X-rays. Detectors 

(photomultiplier tubes) monitor and amplify these signals. Thus, a 

cathode ray tube is used to observe the specimen's tiny region under 

study, and a black-and-white camera is used to capture the image. The 

fracture surface of the tensile specimens on SEM observations is 

reported in the current investigation.  

2.6.5. Energy dispersive X-ray spectroscopy  

Energy dispersive X-ray spectroscopy (EDX) is used for 

qualitative elemental analysis, standardless quantitative analysis, and 

X-ray line scans. Since every element has a different atomic structure, 

it can emit X-rays with distinct peaks. The sample under examination 

is exposed to a high-energy stream of charged particles, such as 

electrons or X-rays, to stimulate the production of characteristic X-

rays. EDX analysis was done using the JEOL JEM 2100 Plus high-

resolution transmission electron microscope. 

2.6.6. High-resolution transmission electron microscopy  

High-resolution transmission electron microscopy (HRTEM) 

uses a rapidly charged electron beam (up to 300 kV), which scatters as 

it passes through an extremely thin material (almost 160 nm). The 

electron scattering during transmission decides the type of information 

about the sample. An accurate map of atomic arrangements can be 

obtained in the high-resolution imaging mode, providing a greatly 

enlarged perspective of micro and nanostructures. The samples are 
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spread out in the water and placed on the Cu-based TEM grid for 

imaging. Its thickness and mesh size range from a few to 100 m, and 

its diameter is 3 mm. Before imaging, the material is dried at room 

temperature. The JEOL JEM 2100 Plus high-resolution transmission 

electron microscope was used for TEM imaging. 

2.6.7. Brunauer-Emmett-Teller adsorption 

Brunauer-Emmett-Teller (BET) surface area, pore diameter, 

and pore volume of the materials were assessed using a BET analyser 

(MicrotracBEL, Japan) with a nitrogen environment. Using the BET 

approach, the specific surface area was determined from the isotherms. 

At a relative pressure (P/P0) of roughly 0.95, the volume of adsorbed 

nitrogen was used to compute the single-point total pore volume. 

Using the Barrett-Joiner-Halenda (BJH) approach, the pore size 

distribution was determined from the desorption branch of the isotherm 

(129). 

2.6.8. Thermogravimetric analysis 

Samples are subjected to thermogravimetric analysis (TGA) to 

find variations in weight with temperature. The analysis typically 

comprises a pan filled with the sample and a high accuracy balance. A 

thermocouple is used to precisely detect the temperature of the sample 

by placing it in a small electrically heated oven. Analysis was done by 

progressively increasing the temperature and plotting the weight in 

percentage against temperature. Utilizing a Hitachi STA7200 

thermogravimetric analyser, the samples were heated at 10 ºC/min 

between 40 ºC and 600 ºC while being purged at a rate of 100 cc/min 
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of nitrogen. The temperatures recorded were of the onset (Ti), residue 

detected at 600 ºC, and the maximum value seen in the derivative 

thermogram (Tmax). The associated weight changes were recorded 

using a sensitive microbalance. 

2.7. Theoretical modelling of thermal degradation kinetics 

The rate of thermal degradation reactions of solid polymers has 

been studied using a variety of methodologies, and in the TGA 

method, the rate is characterised by the following Equation (2.10). 

                                                      (2.10) 

T and t denote the temperature and time, and the conversion factor 

provided by Equation (2.11). 

                                                          (2.11) 

w 0, mt, and mf are the starting, 

actual, and final masses of the analyte, respectively, and k(T) is the 

rate constant (130). The Arrhenius Equation's rate constant is 

represented by Equation (2.12). 

                                             (2.12) 

Terms in Equation (2.12) include the pre-exponential factor (A) in s-1, 

the universal gas constant (R), the activation energy (Ea) of the 

degradation in kJmol-1, and the reaction temperature (T). Equation 

(2.12) is applied in Equation (2.10) to obtain, 
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                 (2.13) 

Under dynamic circumstances, the temperature varies linearly with 

time. Therefore, T can be expressed as Equation (2.14). 

                                                                 (2.14) 

w  ) and on applying Equation (2.14) 

in Equation (2.13), we get, 

     or               (2.15) 

obtained by integrating 

dynamic conditions of Equation (2.16). 

                       (2.16) 

where p (x) is the temperature integral in which  without any 

analytical solution.  

Several approaches were put forth to investigate the kinetics of 

non-isothermal reaction degradation utilising TG analysis (131,132). 

The reported studies involve the application of Flynn-Wall-Ozawa 

(FWO) (133,134), Kissinger-Akahira-Sunose (KAS) (135,136), Tang 

(137,138), and Starink (139,140) methods by TG analysis with 

different heating rates to assess important kinetic parameters like Ea 

and A. 
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2.7.1.  Flynn-Wall-Ozawa method 

The Flynn-Wall-Ozawa (FWO) method, which makes use of 

Doyle's approximation, is an isoconversional kind strategy that was 

introduced by Flynn, Wall, and Ozawa (141) which uses experiments 

FWO method employs 

the formula given below in Equation (2.17) to assess the kinetic 

parameters which are deduced from modifying Equation (2.16) by the 

assumption,  . 

          (2.17) 

a is 

calculated from the slope (0.457Ea/R). 

2.7.2.  Kissinger-Akahira-Sunose method 

The isoconversional model-free kinetic analysis method, 

known as Kissinger-Akahira-Sunose (KAS) analysis, determines how 

much Ea 

with various constant heating rates. Due to the accuracy of this 

isoconversional technique, Vyazovkin et al. recommend utilising it to 

measure kinetic parameters (142). Equation (2.18) provides the 

 

                       (2.18) 

The slope (-Ea
2) and 1/T, obtainable from 

TGA data of various heating rates, can be used to determine Ea for 

each conversion. 
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2.7.3.  Tang Method 

Another integral isoconversional technique, adjusted as 

Equation (2.19) below, has been developed by Tang with a better 

approximation of the temperature integral. 

    (2.19) 

Ea can be evaluated from the plot of   in a linear 

least square fashion. 

2.7.4.  Starink Method 

The temperature integral can be calculated using an alternative 

integral isoconversional method developed by Starink using a series of 

approximations, as shown in Equation (2.20). 

     (2.20) 

Using the linear least squares approach, Ea has been calculated from 

the slope of  plot. 

2.8.  Sorption studies 

The diffusion, sorption, and penetration of solvents into 

elastomers have received much attention recently because they are 

fundamental processes crucial to many significant engineering and 

industrial fields (143,144). Qualities like chemical stability, 

dimensional invariance, and structural integrity in the presence of 

aggressive compounds are crucial in applications, including electronic 
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encapsulation, food packaging, filtration, and controlled medication 

release. Therefore, it is essential to conduct transport studies when 

designing and producing barrier rubber materials for their application 

in various industrial sectors (145).  

Circular samples were cut from vulcanised sheets by using a 

standard die. The sample's weight, width, and thickness were initially 

measured, and the samples were preserved in diffusion bottles filled 

with 30 mL of the solvent. Periodically, the samples were taken out of 

the diffusion bottles, the adhering solvent was wiped off using tissue 

paper, and the samples were immediately weighed to the nearest ± 

0.0001 g. The diffusion container was filled with the weighed samples 

again, and the experimental method continued until equilibrium 

swelling was attained. After drying, the sample's de-swollen weight 

was obtained. Since the weighing was completed in less than 40 

seconds, the inaccuracy caused by solvent evaporation is minimal 

(146). A similar approach was reported by various researchers 

(99,147). Studies were performed in duplicates; the standard variation 

ranged between 0.06 and 0.1 mol %. Diffusion curves, which plot   

mol % or wt. % uptake against the square root of time in minutes was 

used to express the findings of diffusion tests. The diffusion studies 

provide the mol % uptake, denoted as moles of solvent sorbed by 0.1 

kg of the sample, and the mol % uptake from the diffusion 

investigations is given by Qt (mol %), expressed by Equation (2.22).

                                               (2.22)                                  
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where Mt, Ms, and Mp stand for the mass of solvent absorbed at time t, 

respectively. 

The resulting Qt % values are plotted against the square root of time to 

obtain the sorption curves. Solvents such as petrol, xylene, mesitylene, 

hexane, and toluene were employed to examine the sorption behaviour 

of composites made of NR and industrial wastes. 

The swelling index was examined to determine the degree of 

the composite's swelling behaviour. It is the proportion of original 

weight to swollen weight. The swelling index directly indicates 

crosslinking strength; the lower the ratio, the more crosslinking there 

is. 

                                (2. 23) 

 Wo and W1 are the specimen's weights before and after swelling. The 

crosslink density (1/2Mc) was calculated using an equilibrium swelling 

approach with toluene as the solvent, where Mc is the rubber chain's 

number-average molecular weight between crosslinks. The sample's 

weight was measured while it was bloated and after it had shrunk to its 

original weight after being dried in a vacuum. Using the technique 

described by Ellis and Welding, the volume fraction of rubber (Vrf) in 

the swollen network was estimated from the following Equation (2.24) 

(148). 

                              (2.24) 

where r s is the solvent density, f is the 

weight fraction of insoluble components, and ms is the quantity of 
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solvent absorbed by the sample. The starting and de-swollen weights 

of the sample are mi and md. The Flory-Rehner Equation was used to 

compute the crosslink density in Equation (2.25)(149). 

2.25

where Mc is the molecular weight of polymer between crosslinks and is 

given in Equation (2.26) 

                                        (2.26) 

where Vs is the solvent's molar volume (toluene has a molar volume of 

-toluene system. 

2.9. Kinetic parameters of solvent transport 

 The following kinetic parameters, namely sorption, diffusion, 

and permeation coefficients, were evaluated from the diffusion studies 

of NR-industrial waste composites.  

2.9.1. Diffusion coefficient 

The following formula, Equation (2.27), is used to calculate the 

 

                                                      (2.27) 

The mol % sorption at equilibrium is denoted by Q , whereas the 

thickness of the sample and slope of the linear component of sorption 
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curves prior to attaining 50% of equilibrium are represented by h and 

 

 

equilibrium sorption and is estimated by Equation (2.28). 

                                                                (2.28) 

W  is the mass of the penetrant solvent at equilibrium swelling, and 

Wp denotes the composite's mass. 

2.9.3.  Permeation Coefficient 

The principal elements influencing the penetrant's penetration 

through a matrix are sorption and diffusion. As a result, according to 

Equation (2.29), the permeation coefficient (P) is calculated by 

multiplying the diffusion coefficient by the sorption coefficient. 

                                                            (2.29)     

2.9.4.  Mode of transport 

Different mechanisms are followed to transport liquids through 

composite materials depending on various variables, including the 

chemical makeup of the filler and the polymer matrix, their 

compatibility, and interfacial adhesion. Three types of diffusion 

behaviour can occur depending on the relative speeds of polymer 

segmental relaxation and penetrant mobility (150,151). They include 

(1) anomalous behaviour, where the mobility of the penetrant and the 
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relaxation rates of polymer segments are similar; (2) Fickian 

behaviour, where the mobility of the penetrant is significantly lower 

than the relaxation rates of the polymer segments; and (3) non-Fickian 

behaviour, where mobility of penetrant is significantly higher than the 

relaxation rates of polymer segments. In the current study, the transport 

mechanism was investigated utilising the empirical relationship found 

in Equation (2.30) 

                                       (2.30) 

Qt and Q  are the amount of liquid that 100 g of sample absorbed at 

time t and at equilibrium swelling, respectively. The value k denotes 

the interaction of the penetrant with the polymer, and the term n 

indicates the mode of transport. The interfacial adhesion and the 

composition of the materials affect the constants n and k. The slope 

and y-intercept values of log Qt/Q  versus log t plots were used to get 

n and k values. The transport mechanism belongs to various types 

depending on the value of n. If n = 1, the behaviour is non-Fickian, or 

relaxation-controlled transport occurs. The value of n for Fickian 

behaviour is 0.5. The transport behaviour is anomalous if n is between 

0.5 and 1. A constant that changes depending on the composite's 

structure, the factor k indicates how the composite and solvent interact. 

Lower values of k indicate lesser interaction between the composite 

and the solvent and lesser solvent absorption. According to the "like 

dissolves like" principle, whether the composite and solvent are polar 

or non-polar, the solubility increases, and k is also high. However, 
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solubility declines and the value of k also drops if the composite and 

solvent are of different kinds. 

2.9.5.  Activation energy of diffusion and permeation  

The Arrhenius relationship can be used to determine the energy 

of activation for diffusion and permeation based on the temperature 

dependence of the transport coefficients (P, D, and S). 

                                                         (2.31) 

where E is the activation energy, T is the absolute temperature, R is the 

universal gas constant, and X is P, D, or S. X0 denotes P0, D0, or S0 

constants. The activation energy of diffusion (ED) and permeation (EP) 

can be determined from the slopes of Arrhenius plots of log D vs 1/T 

and log P vs 1/T. The following equation, which details the molecular 

movement in the polymer matrix, can be used to calculate the heat of 

 

                                                      (2.32) 

The required materials for fabricating NR-industrial waste 

composites and the methods to characterise them were explained. The 

rheological, mechanical, thermal, and sorption properties of these 

fabricated composites will be investigated to explore the possibility of 

using them in NR for the production of various industrial rubber 

components. 
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The XRD pattern of PUW is displayed in Figure 3.2. The 

amorphous character of PUW is indicated by the prominent peaks at  

their incorrect alignment reduces the crystallinity 
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3.3.1.  
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The TGA of MCW in Figure 3.8 shows three distinct phases of 

MCW's deterioration. The first phase of breakdown is the removal of 

water from the crystallisation stage, which is completed at 236 °C. The 

second stage breakdown of magnesium carbonate into magnesium 

oxide and carbon dioxide, which occurred between 410 and 500 °C, 

was responsible for around 60-65 % of the total weight loss (162). In 

the third stage, at 600 to 800 °C, 30-35 % of CaCO3 decomposes into 

CaO and CO2 (163). 
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The nitrogen adsorption-desorption isotherms from the 16-hour 

BET analysis of MCW at 80 °C are shown in Figure 3.9. According to 

IUPAC categorisation, the obtained isotherms fall under category IV 

(129). Adsorbents of a mesoporous nature with pores between 6 and 10 

nm in size are the most common places to find Type IV isotherms. 

When pore condensation occurs, the gas gets condensed as a phase that 

resembles liquid at a pressure (P) lower than the bulk liquid's 

saturation pressure (P0). Consequently, capillary condensation is 

followed by hysteresis, and final saturation plateaus of different 

lengths can distinguish type IV isotherms. The nanosphere produces 

these pores, which comprise empty spaces between nanoparticles 

(164). The Barret-Joyner-Halenda (BJH) plot (inset of Figure 3.7) was 

used to analyse the MCW pore size distributions. The mean pore 

diameter is 9.61 nm, and the total pore volume is 1.6976 ×10-2 cm3g-1. 

As equilibrium pressure rises, the compound containing MgCO3 and 

CaCO3 has a greater adsorption capacity because of the condensation 

of N2 molecules in mesoporous adsorbents at high pressures. The 

measured surface area, which is 7.0660 m2g-1, shows that the material 

has a decreased porosity as a result of the pre-treatment that was 

applied. The BET-specific surface area is a crucial statistic for 

adsorption investigations and is shown to be low due to the subpar 

porosity outcomes from the MCW distribution. As a result, this 

substance can be utilised to alter the properties of other materials to 

achieve desired results. 
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Figure 3.10 (a). FESEM image of MCW 

 

Figure 3.10 (b). HRTEM image of MCW 
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3.3.6. Elemental and particle size analysis of MCW 

Figure 3.11 shows the result of the particle size analysis of the 

MCW. According to the DLS analysis, rhombohedral nanoparticles are 

typically between 100 and 200 nm in size. The scalenohedral MgCO3 

and CaCO3 can produce particles between 400 and 500 nm in diameter. 

Figure 3.12 displays the HRTEM-EDX analysis used to perform the 

elemental analysis of MCW. According to Figure 3.12, magnesium 

(13.71 %), calcium (0.42 %), carbon (32.57 %), and oxygen (53.18 %) 

make up the majority of the elemental composition. 

 

Figure 3.11. Average particle size of MCW 
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Figure 3.12. Elemental analysis of MCW 

3.4.  Characterisation of sodium sulphate waste 

The recovered sodium sulphate waste (SSW) collected from 

Ultramarine and Pigments Limited, Chennai, Tamil Nadu, was 

characterised by -

 

3.4.1. of SSW 

- - -

-
- -
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3.4.3. Thermogravimetric analysis of SSW 



94

 

Figure 3.15. TGA thermogram of SSW 

3.4.4. BET isotherm analysis of SSW 

-

-
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3.4.5. Morphological and elemental analyses of SSW  

- -

-

-

-

 

 

Figure 3.18. FESEM and FESEM-EDX images of SSW 
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Hydrated clay was collected from the English Indian Clays Ltd. 

(EICL), Thiruvananthapuram, Kerala and is characterised by 

-  

3.5.1. -  

-

- -
- -

- -
-

-  
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3.6.  Conclusion  

The collected industrial solid wastes (PUW, MCW, and SSW) 

were isolated from other impurities, powdered, and subjected to 

various analytical methods for characterisation. Additionally, the clay 

is also characterised. This work aims to investigate the potential use of 

these industrial wastes as reinforcing fillers in NR and examine the 

resulting composite's mechanical, thermal, and sorption properties. 

Clay is employed in studies of property enhancement coupled with 

PUW since it is already considered an excellent filler in NR.
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The sample 

designation and formulation details of NR-PUW composites are 

provided in Table 4.1.  

Table 4.1. Sample designation and formulation of NR-PUW 
composites 

   

-    

-    

-    

-    

-    

-    
*NR-100, ZnO-5.0, stearic acid-2.0, TMQ-1.0, CBS-0.6, TMTD-0.2 and sulphur-2.5 
(in phr) 

-

-  

  

 -

 

- - -
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Cure 
characteristics 

NR-
Neat 

NR-
PUW2.5 

NR-
PUW5 

NR-
PUW7.5 

NR-
PUW10 

NR-
PUW20 

Cure time, t90 
(min) 

3.67 4.1 4.18 4.35 4.38 4.4 

Scorch time tS2 
(min) 

1.84 2.15 2.21 2.18 2.13 1.97

Minimum 
torque, ML 
(dNm) 

6 4.8 5.4 6.6 6.8 8.2 

Maximum 
torque, MH 
(dNm) 

72.9 67.5 61.1 59.7 51.1 44.9

MH-ML (dNm) 66.9 62.7 55.7 53.1 44.3 36.7

Cure rate index 
(min-1) 

54.65 51.28 50.76 46.08 44.44 41.15 
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Composites 
NR-

PUW2.5 
NR-

PUW5 
NR-

PUW7.5 
NR-

PUW10 
NR-

PUW20 

T-P-T model 
interaction 
parameter (B) 

3.90 4.75 2.00 0.90 0.11

 

-

- -

-

-

 

 -
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Table 4.6. Thermal degradation characteristics 

Properties 
NR-
Neat 

NR-
PUW2.5 

NR-
PUW5 

NR-
PUW7.5 

NR-
PUW10 

NR-
PUW20 

Onset 
degradation 
temperature,  
Ti (ºC) 

336 339 339 341 342 342

Maximum 
degradation 
temperature, 
Tmax (ºC) 

386 387 387 388 389 389

Residue at  
600 °C (%) 

4.98 5.62 5.62 5.82 5.95 6.15

 

 

-  
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4.2.8.  Thermal degradation kinetics  

TGA has been used to investigate the thermal stability and 

degradation dynamics of NR-PUW composites. Isoconversional 

model-free approaches like Flynn-Wall-Ozawa (FWO) (133,134), 

Kissinger-Akahira-Sunose (KAS) (135,136), Tang (137,138) and 

Starink (139,140) were proven to be effective for interpreting the 

kinetics of thermal degradation. Thermal degradation kinetics is vital 

because it clarifies the reaction mechanism and provides additional 

insight into the energy barriers for different processes (214). The 

FWO, KAS, Starink, and Tang methods were employed to compute Ea 

at various conversion levels ranging from 0.1 to 0.9, and for each, the 

least square method was used to fit a straight line. All composites 

displayed the same trend, and all model's neat and composite plots with 

7.5 phr PUW are provided in Figures 4.8 - 4.11. The correlation 

coefficient values obtained for all linear fits demonstrate a robust linear 

link between the heating rate and temperature, which vary from 0.97 to 
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0.99. This is true for all the applied kinetic methods. The four applied 

model's various approximations cause a modest difference in Ea values 

due to the different approximations used in the employed models. 

Table 4.7 lists the calculated Ea for all conversions based on the graphs 

obtained.   

 

- -
 

 

- -
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The kinetics of the thermal degradation can be predicted using 

the dependence of activation energy (Ea) on the degree of conversion 

( ). According to Vyazovkin et al., the variation of Ea indicates that the 

thermal degradation process has numerous steps, each contributing 

equally to the overall rate (217). Figure 4.12 shows the variance of Ea 

for various conversion rates for NR-Neat and NR-PUW7.5.  

 
Figure 4.12. Variation of Ea -Neat and (b) NR-
PUW7.5    
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Flexible chains in NR-Neat showed the most significant solvent 

absorption. Lower sorption occurs due to the mobility of the polymer 

chains being constricted and becoming a barrier to the penetrant when 
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the amount of filler in NR increases. The fillers create physical and 

chemical crosslinks with the polymer chains, causing some 

immobilisation in the polymer segments, preventing the rearrangement 

of the polymer chain during solvent ingression, and reducing the free 

volume in the composites. This resistance to the penetrant's path results 

from these effects. Due to reduced free volume and the mobility of the 

polymer chains, solvent uptake reduces as filler concentration rises. 

The nature of the filler, degree of adhesion, and compatibility with the 

matrix all affect solvent diffusion in polymer composites. The filler 

occupies the polymer matrix's empty space and creates a difficult 

pathway for molecules trying to penetrate it. The filler's volume 

fraction and the particle's shape and orientation influence how tortuous 

the material is. The smaller transport area in the filled system and the 

tortuous path lower the solvent uptake (221,222)
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4.2.11.  Diffusion coefficient, sorption coefficient, and permeation 

coefficient  

Tables 4.9 and 4.10 

(P), sorption (S), and diffusion (D) coefficients in various solvents at 

room temperature. In all solvents, it is found that D, S, and P values 

steadily decline as the filler content rises. A decrease in free space, 

filler-matrix interaction at increased loading, filler-filler network 

development, and reduced chain mobility of polymers could all be 

contributing causes for the above observation. Another critical factor in 

the diffusion process is the penetrant's size; as it gets bigger, more 

energy is needed to facilitate the smooth transition of positions 

between the solvent molecule and the polymer chains (225). 
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-

- -

 

According to the data, the values of n for xylene and toluene 

follow the Fickian transport mechanism. Simultaneously, hexane, 

petrol, and mesitylene displayed anomalous behaviour. The delayed 

and viscous polymer chain relaxation following filler replenishment is 

the cause of the anomalous mode. The value of k is used to evaluate 

the polymer's structural properties. Additionally, it offers insight into 

the way solvent and matrix molecules interact. The exact values of k 

discovered in the utilised solvents show how similarly the matrix and 

the solvents interacted (226). No correlation exists between n and the 

quantity of filler added to NR. 
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4.3. Conclusion 

The NR-PUW composites were prepared by two roll mill 

mixing method and characterised using ATR-FTIR, FESEM, and TGA 

techniques. The 

and sorption properties were examined, along with the viability of 

using rigid thermoset polyurethane waste - a byproduct of shoe sole 

manufacturing as an effectual reinforcing filler in NR. NR composites 

with 5 phr PUW exhibited significantly higher tensile strength, 

abrasion resistance, modulus at 300 % elongation, and tear strength 

than NR-Neat. Other mechanical parameters such as hardness, heat 

build-up, and compression set increased on the increase of filler 

loading. NR-PUW composite's surface morphology by FESEM 

demonstrated that PUW was uniformly dispersed on the NR surface up 

to 5 phr loading. The N-N, Lu, and T-P-T models were used to validate 

the findings of the tensile strength test. At B = 4, experimental data 

demonstrated significant conformity with the T-P-T model up to 5 phr 

PUW loading. The obtained Young's modulus values were tested with 

the Einstein and Guth models and showed good agreement up to 5 phr 

loading of PUW. This relationship with theoretical models 

demonstrates unequivocally that PUW adheres to NR surface up to 5 

phr PUW loading. 

Thermal investigation of NR-PUW composites showed 

improved thermal stability on adding PUW compared to NR-Neat. 

TGA examined the thermal degradation kinetics of the NR-PUW 

composites. Isoconversional, model-free FWO, KAS, Tang, and 

Starink approaches were used to ascertain the Ea values for the 
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breakdown of NR-Neat and the composites. During the thermal 

breakdown process, these isoconversional models were helpful in 

tracking the paths and predicting changes in Ea. The four employed 

isoconversional models predicted multistep deterioration kinetics for 

the produced composites.  

Toluene has a higher swelling behaviour for the fabricated NR-

PUW composites than the other solvents used. In all solvents, solvent 

intake reduces as filler loading increases. Kinetic parameters like 

diffusion, sorption, and permeation coefficients were assessed. With 

toluene and xylene, the method of transportation is consistent with 

Fickian theory, but with mesitylene, hexane, and petrol, it showed 

anomalous transport behaviour.  

The enhanced mechanical, thermal, and sorption properties of 

the fabricated NR-PUW composites make them highly promising for 

producing common industrial rubber goods. Additionally, this work 

offers insight into tackling environmental pollution concerns by 

considering the possibility of reutilisation of PUW from the footwear 

industry in a circular economy perspective to develop a more 

economical, efficient, and high-performance composite. 
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One of the most 

significant and well-liked birth control methods available today is the 

use of male condoms (112). Latex, which is vulcanised to boost the 

rubber's strength and durability, makes up the majority of condoms. 

During latex manufacturing, fatty acids are frequently used as binding 

agents and surfactants to stabilise the material. Zinc oxide, which 

guards against fungal and UV radiation attacks on rubber breakdown, 

is also added. Accelerators and antioxidants are also included to stop 

harmful nitrosamine formation and oxidative degradation. Powders of 

calcium carbonate and magnesium carbonate are frequently employed 

to lessen the stickiness of condoms (113). Many condom producers 

now utilise pharmaceutical-grade light magnesium carbonate (LMC) to 

alleviate the sticking property. The Indian condom market is projected 

to rise from an estimated USD 0.69 billion in 2021 to USD 1.02 billion 

by 2029 at a compound annual growth rate (CAGR) of 5.1 % between 

2022 and 2029. 

The largest producer of NR latex condoms in the Indian market 

is HLL Lifecare Limited, a Government-owned company with eight 

manufacturing facilities nationwide. The industrial facility in 

Thiruvananthapuram, Kerala, was built in 1969 with the assistance of 

M/s Okamoto Industries Inc., a technical partner from Japan. With a 

production capacity of 1947 million condoms annually, this unit has 

continuously upgraded. During the last phases of condom production, 
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LMC was used as a finishing powder. Around 75 to 85 tonnes of 

magnesium carbonate waste (MCW) are produced each year, and as of 

yet, no attempts have been made to reutilise it. The enormous amount 

of MCW generated during condom production, the difficulties in 

disposing of it, and the fact that its landfill is the main contributing 

factor to the hardness of water are the factors that lead to looking into 

the potential of its utilisation as a reinforcing filler in NR. 

 

-

-

-  

Table 5.1. Sample designation and formulation of NR-MCW 
composites 

   

-    

-    

-    

-    

-    

-    
*NR-100, ZnO-5.0, stearic acid-2.0, TMQ-1.0, CBS-0.6, TMTD-0.2 and sulphur-2.5 
(in phr) 
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-

-  

- - -

- -

- -  

Table 5.2. Prominent peaks in the ATR-FTIR spectra  

Band position 
(cm-1) 

Assignment 

2995 
CH stretching vibrations in NR (symmetric and 
asymmetric) 

2910 
CH2 stretching vibrations in NR (symmetric and 
asymmetric)  

2840 CH stretching vibrations in NR (symmetric and 
asymmetric)  

2352 C-H vibrational mode of stearic acid in NR 

1667 
Stretching of C = C in NR (cis-1,4-isoprene units) 
(84) 

831 C-H wagging in NR (84) 

1447 C-O asymmetric stretching vibrations  

1085 C-O symmetric deformation vibration (absent in NR) 
(228) 

676 CO3 symmetric deformation vibration (absent in NR) 
(228) 
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Figure 5.1. ATR-FTIR spectra of NR-Neat and NR-MCW composites  

Surface morphology of NR-Neat and NR-MCW composites

The FESEM analysis of the tensile ruptured surface 

morphology of NR and its MCW composites is shown in Figure 5.2. 

Because of the surface's same chemical composition, the FESEM 

image of NR generalises its smooth morphology, as seen in Figure 5.2 

(a) (229). Figure 5.2 (b) shows the uniform distribution of MCW 

particles on 3 phr loading on the surface of NR. Figure 5.2 (c) 

illustrates the cross-sectional analysis of NR-MCW3 in which some 

regions exhibit an epitaxial wavy structure due to chemical 

composition changes to the NR-MCW. But when MCW is loaded at 5 

phr, the filler particles tend to clump together, resulting in an uneven 

surface morphology, as seen in Figure 5.2 (d) (230). 
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Figure 5.2. FESEM images of (a). NR-Neat (b). & (c). NR-MCW3, 
(d). NR-MCW5 

-  

The effect of MCW loading on the cure characteristics of NR is 

described in Table 5.3. 
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-  

Cure 
characteristics 

NR-
Neat 

NR-
MCW1 

NR-
MCW2 

NR-
MCW3 

NR-
MCW4 

NR-
MCW5 

Cure time, t90 
(min) 

4.18 4.12 4.07 3.68 3.87 3.93 

Scorch time, ts2 
(min) 

2.15 2.37 2.24 1.95 1.99 2.27 

Minimum 
torque, ML 
(dNm) 

6 6.5 7.8 6.3 7.6 6.6 

Maximum 
torque MH 
(dNm) 

72.9 74.1 76 78.6 75.8 76.3 

MH-ML (dNm) 66.9 67.6 68.2 72.3 68.2 69.7 

Cure rate index 
(min-1) 

49.26 57.14 54.64 57.80 53.19 60.24 

 

-

-

-

 (85). The NR-MCW 

composite's maximum torque values increased, showing improved NR 

crosslinking after adding MCW. This is further supported by an 
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increase in the difference between the maximum and minimum torque 

values (MH-ML) (231). 

 -  

 

-  

- -

-

 

Figure 5.3. Stress-strain curves of NR-MCW composites 
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The composite containing 3 phr MCW had the highest tensile 

strength with an increase of up to 22 % compared to NR-Neat, owing 

to the enhanced dispersion and robust interfacial bonding of MCW on 

the NR matrix. However, as more filler was added, it began to decline 

due to the MCW aggregation in the NR matrix. The NR-MCW 

interactions break down above 3 phr MCW loading, favouring the 

MCW-MCW interactions, which prevented the effective transfer of 

stress applied to the composite (208). In NR-MCW1 to NR-MCW3 

composites, the elongation at break decreased, followed by a marginal 

rise on further addition, demonstrating the greater adhesion of MCW to 

NR up to 3 phr filler loading. The modulus values at 300 % elongation 

showed an upward trend (a 29 % rise for 3 phr MCW loading), but due 

to filler agglomeration, they began to drop on further MCW addition. 

The composite's Young's modulus was calculated using stress-strain 

graphs, indicating an increasing trend up to 3 phr MCW loading and 

then decreases on further addition of filler. -

MCW aggregation is more 

pronounced at higher filler loading, which lowers the mechanical 

characteristics by causing uneven filler distribution on the NR matrix 

(232). NR-MCW3 showed higher hardness because of its ameliorated 

dispersion in the pores of NR. The superior dispersion of MCW up to 3 

phr on NR is supported by the fact that all composites have less 

abrasion loss (volume loss) than NR. The NR-MCW composite's 

compression set values are nearly identical to the NR matrix's, 

demonstrating better matrix-filler interaction and homogeneous MCW 

dispersion on NR up to 3 phr loading. 
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5.2.5.  Young's modulus of NR-MCW composites: A theoretical 

modelling approach 

 

 

 

Figure 5.4 shows the experimental and predicted values of 

Young's modulus with those of the Einstein and Guth models. At lower 

filler loadings, the predicted Young's modulus values from the Einstein 

and Guth models significantly correlated with the experimental values 

for NR-MCW composites, merging with the Guth model value at 3 phr 
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MCW loading. This behaviour suggests that MCW is distributed 

uniformly across NR and that NR-MCW adhesion is improved. The 

experimental Young's modulus values with higher filler loading 

deviated negatively from the theoretically expected values, most likely 

because the MCW agglomeration on NR weakens the NR-MCW 

interaction. 

 -

 

- -

 

 

-  
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Table 5.5. Thermal degradation characteristics of NR-MCW 
composites 

Properties 
NR-
Neat 

NR-
MCW1  

NR-
MCW2  

NR-
MCW3  

NR-
MCW4 

NR-
MCW5  

Onset 
decomposition 
temperature, Ti 
(ºC) 

326.7 327.9 328.8 332.2 330.5 327.1 

Maximum 
decomposition 
temperature, 
Tmax (ºC) 

372 373.5 374.6 375.8 375.2 374.1 

Residue at 600 
°C (%) 

4.86 5.52 6.04 7.06 6.23 6.90 

 

Decomposition of NR-Neat has been shown to occur in one 

step and to begin at 326.7 °C. For NR-MCW composites, the results 

for the onset decomposition temperature increased up to 3 phr before 

decreasing as the breakdown process progressed (233). The 

composite s maximum degradation temperature rose slightly compared 

to NR, indicating improved thermal stability. The residue at 600 °C 

slightly increased as the filler quantity increased because the filler 

needed a high temperature to break down (234). 

Thermal degradation kinetics 

The thermal stability and degradation dynamics of NR-MCW 

composites have been studied using TGA. Isoconversional models, 

such as Flynn-Wall-Ozawa (FWO) (133,134), Kissinger-Akahira-

Sunose (KAS) (135,136), Tang (137,138) and Starink (139,140), were 
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demonstrated to be helpful in understanding the kinetics of thermal 

decomposition. Thermal degradation kinetics is essential because it 

clarifies the energy boundaries for various processes and explains how 

reactions proceed (214). For every conversion level between 0.1 and 

0.9, Ea was computed using the FWO, KAS, Starink, and Tang 

methods. A straight line was fitted using the least squares method for 

each process. Kinetic plots of NR-Neat and NR-MCW3 composites for 

all four models are displayed in Figures 5.6 - 5.9, and they all showed 

the same trend. The correlation coefficient values, ranging from 0.97 to 

0.99, for all linear fits show a robust linear relationship between the 

heating rate and temperature. This is valid for all kinetic models that 

have been used. There is only a slight variance in Ea values obtained in 

all four models employed, possibly due to the difference in 

approximations of the models. Table 5.6 provides the calculated Ea for 

each conversion based on the generated graphs. 

 

Figure 5.6. - -
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Figure 5.7. - -

 

Figure 5.8. - -

 

Figure 5.9. - -
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Isoconversional kinetic analysis is used to predict the kinetics 

and mechanism of a thermally driven process by analysing how 

activation energy (Ea) . The 

changes in Ea values suggest multistep processes, each contributing 

equally to the overall rate, according to Vyazovkin et al. (217). The Ea 

for different conversion rates for NR-Neat and NR-MCW3  is 

depicted in Figure 5.10. 
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 Variation of Ea -Neat and (b) NR-
MCW3  
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Sample 

 

Q (mol %) 

Toluene Xylene Mesitylene Hexane 

NR-Neat 3.5062 3.1193 2.9387 1.5260 

NR-MCW1 3.4432 3.1092 2.8986 1.4520 

NR-MCW2 3.3971 3.0224 2.8437 1.4238 

NR-MCW3 3.3322 2.9948 2.6477 1.4082 

NR-MCW4 3.3737 3.0035 2.7726 1.4462 

NR-MCW5 3.3794 3.0905 2.7812 1.4492 

 

 

-



155

 

 

-
 

  



156

  

-

-

-

 

-
 

 
Crosslink density  

× 10-4 (molg-1) 
Swelling index

(%) 

NR-Neat 1.21 ± 0.01 289 ± 3 

NR-MCW1 1.22 ± 0.03 286 ± 2 

NR-MCW2 1.27 ± 0.02 278 ± 2 

NR-MCW3 1.29 ± 0.03 275 ± 1 

NR-MCW4 1.25 ± 0.02 277 ± 1 

NR-MCW5 1.23 ± 0.01 279 ± 2 
 

5.2.11. Diffusion, sorption and permeation coefficients  

The sample's diffusion coefficient (D), sorption coefficient (S), 

and permeation coefficient in different solvents at room temperature 

are given in Table 5.9. In all solvents, up to 3 phr filler loading, a 
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constant decrease in D, S, and P values is shown. However, a minor 

increase in values is seen at higher filler loading. This may be caused 

by limited chain mobility of the polymers, the creation of filler-filler 

networks, contact between the filler and matrix with increased loading, 

and reduced free space. The diffusion process greatly depends on the 

size of the penetrant molecules because larger solvent molecules 

require higher activation energies to penetrate. Toluene, xylene, and 

mesitylene are the solvents in the order of molecular mass. As a result, 

the diffusion coefficient of the specific composite at the particular 

temperature is in the reverse order of the solvent's molecular masses, 

with toluene coming before xylene and mesitylene. The sorption and 

penetration coefficients also displayed a similar trend. 
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Sample ED (kJmol-1) EP (kJmol-1) kJmol-1) 

NR-Neat 9.19 12.17 2.98 

NR-MCW1 9.53 13.79 4.26 

NR-MCW2 10.21 15.74 5.53 

NR-MCW3 11.85 16.45 4.6 

NR-MCW4 10.32 14.12 3.8 

NR-MCW5 9.97 13.01 3.04 
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Sample 

n  k 

T
ol

u
en
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X
yl

en
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M
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yl

en
e 

H
ex

an
e 

 

T
ol

u
en

e 

X
yl

en
e 

M
es

it
yl

en
e 

H
ex

an
e 

NR-Neat 0.48 0.52 0.51 0.61  0.38 0.27 0.30 0.28

NR-MCW1 0.55 0.49 0.55 0.60  0.30 0.27 0.30 0.29

NR-MCW2 0.54 0.47 0.59 0.62  0.31 0.33 0.25 0.29

NR-MCW3 0.55 0.49 0.54 0.62  0.32 0.33 0.28 0.30

NR-MCW4 0.57 0.52 0.53 0.59  0.30 0.29 0.27 0.32

NR-MCW5 0.58 0.47 0.57 0.58  0.29 0.33 0.28 0.27

 

-

 

  

The NR-MCW composites were fabricated by mixing on a two 

roll mixing mill, and FTIR, FESEM, and TGA studies were performed 

to characterise the composites. Based on an analysis of the resulting 

composite s mechanical, thermal, and curing properties, MCW has 

been shown to be an effective reinforcing filler in NR. The NR 
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composite's tensile strength, modulus at 300 % elongation, tear 

strength, and abrasion resistance were significantly increased by 3 phr 

MCW loading compared to NR-Neat. As filler loading increases, so do 

other mechanical properties like hardness, compression set, and heat 

build-up. MCW was uniformly distributed on the NR surface up to 3 

phr loading, according to FESEM analysis. Einstein and Guth's models 

validated Young's modulus values, demonstrating satisfactory 

agreement up to 3 phr filler loading. This connection to theoretical 

models proves the fine dispersion of MCW on NR surface up to 3 phr 

filler loading.  

Thermal analysis of NR-MCW composites revealed a 

significant improvement in thermal stability compared to NR neat. The 

dynamics of the thermal degradation of the NR-MCW composites have 

been studied using TGA. The isoconversional, model-free FWO, KAS, 

Tang, and Starink techniques were used to determine the Ea values for 

the thermal degradation of NR-Neat and the composites. During the 

thermal decomposition, these isoconversional models successfully 

forecasted Ea changes and tracked the pathways. For the fabricated 

composites, the four isoconversional models indicated multistep 

degradation kinetics.  

Compared to the other solvents used, toluene is found to have a 

more swelling behaviour for the NR-MCW composites. In all solvents, 

solvent consumption decreases up to 3 phr filler loading and gradually 

increases on further loading. It has been discovered that solvent intake 

rises as temperature rises and that the composite with a 3 phr MCW 

has the maximum Ea for diffusion. The diffusion, sorption, and 
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permeation coefficients were evaluated as kinetic parameters. The 

transport mechanism for xylene is consistent with Fickian theory. 

However, it exhibited anomalous transport behaviour for toluene, 

hexane, and mesitylene. The fabrication of NR-MCW composites 

holds excellent promise for substituting costly fillers in NR to 

manufacture typical rubber goods while lowering production costs. 

This approach also emphasises the circular economy concept of 

reutilising industrial wastes to reduce environmental pollution.
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Table 6.1. Sample designation and formulation of SSW-filled NR 
composites 

   

-    

-    

-    

-    

-    
*NR-100, ZnO-5.0, stearic acid-2.0, TMQ-1.0, CBS-0.6, TMTD-0.2 and sulphur-2.5 
(in phr) 
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Cure 
characteristics 

NR-
Neat 

NR-
SSW2.5 

NR-
SSW5 

NR-
SSW7.5 

NR-
SSW10

Cure time, t90 (min) 4.18 4.16 4.10 3.87 3.15

Scorch time ts2 (min) 2.15 2.25 2.21 2.06 1.88
Minimum torque, 
ML (dNm) 

6 5.4 6.4 6 5.5

Maximum torque, 
MH (dNm) 

72.9 68.8 70.4 75.2 78.6

MH-ML (dNm) 66.9 63.4 64 69.2 73.1
Cure rate index 
(min-1) 

49.26 52.35 50.25 55.25 78.74
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Composites 
NR-

SSW2.5 
NR-

SSW5 
NR-

SSW7.5 
NR-

SSW10

T-P-T model's 
interaction parameter 
(B) 

1.43 3.93 5.84 3.44
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Figure 6.6. TGA curves of NR and NR-SSW composites 

Table 6.6. Characteristics of NR-SSW composite's thermal 
deterioration 

Properties 
NR-
Neat 

NR-
SSW2.5 

NR-
SSW5  

NR-
SSW7.5 

NR-
SSW10 

Onset decomposition 
temperature, Ti (ºC) 

326.7 326.8 328.2 331.5 333.6 

Maximum 
decomposition 
temperature, Tmax (ºC) 

372 373.2 375.9 377.4 379.3 

Residue at 600 °C (%) 5.39 7.90 9.80 12.26 15.82 

 

NR-Neat and composites showed similar degradation 

behaviour. Volatilisation of breakdown products and weight loss 

occurs quickly during 330-450 °C, and roughly 6-7 % of weight loss 

occurs above  450 °C (257). Composites with 7.5 and 10 phr SSW 
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showed higher onset decomposition temperatures, suggesting better 

thermal stability than NR-Neat. Additionally, the maximum 

degradation temperature of the composites showed a gradual increase 

with that of NR-Neat. The filler's superior dispersion on the matrix 

causes higher thermal stability. As the filler percentage increases in the 

composites, there is an increase in the ultimate residue at 600 °C, 

which is only 5.39 % for NR-Neat. Composites showed increased 

thermal stability when adding the filler, as evidenced by the residue 

left behind following thermal breakdown. 

6.2.7. Thermal degradation kinetics  

The thermal stability and degradation dynamics of the NR-

SSW composite have been studied using TGA. Thermal degradation 

kinetics have been successfully interpreted using isoconversional 

model-free methods such as Flynn-Wall-Ozawa (FWO) (133,134), 

Kissinger-Akahira-Sunose (KAS) (135,136), Tang (137,138), and 

Starink (139,140). Thermal degradation kinetics is vital because it 

clarifies the reaction mechanism and provides additional insight into 

the energy barriers for different processes (214). Ea values were 

calculated using the FWO, KAS, Starink, and Tang procedures at 

different conversion levels between 0.1 and 0.9. A straight line was 

fitted using the least square method for each method. Figures 6.7 - 6.10 

show the NR-Neat and NR-SSW composite plots of all models with 10 

phr SSW. All composites showed the same pattern. The correlation 

coefficient values, which range from 0.97 to 0.99, establish a strong 
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linear relationship between the heating rate and temperature for all 

linear fits. The four applied model s varying approximations account 

for a slight variance in Ea values. Table 6.7 lists the computed Ea for 

each conversion based on the presented graphs. 

 

- -

- -  
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The dependency of activation energy (Ea) on the degree of 

conversion ( ) allows an adequate prediction of the reaction kinetics. 

The complicated multi-step reactions during pyrolysis, including 

competitive, parallel, and continuous reactions, may cause variations in 

Ea with conversion. Vyazovkin et al. stated that the change of Ea 

indicates that the process is divided into several phases, each 

contributing equally to the total rate (217). Figure 6.11 illustrates how 

Ea changes with conversion for NR neat and NR-SSW10 composites. 
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Figure 6.11. Variation of Ea -Neat and (b) NR-
SSW10 
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6.2.9.2. Effect of filler loading 

The impact of filler loading on toluene diffusion in NR-SSW 

composites is depicted in Figure 6.12. The picture shows the greater 

concentration gradient of penetrant with the composites, which 

instigates the mol % of solvent uptake (Qt) to increase initially at a 

high pace. As time passed, it reached an equilibrium similar to many 

other polymer systems, where the solvent extraction from the polymer 

counterbalanced the solvent intake. Rapid cavitations, which expose a 

larger surface area and improve solvent percolation, have been 

proposed as the cause of the higher early solvent absorption rates in 

polymers (144). It is clear that until 7.5 phr filler loading, the 

equilibrium solvent uptake falls; after that, it increases. Every filler 

particle acts as a barrier to the molecule that is diffusing. The amount 

of penetrating solvent decreases as the filler concentration in the rubber 

matrix rises because more and more barriers are formed to the 

diffusing molecule (52). The filler's reinforcement limits the polymer's 

freedom of movement and the composite's improved solvent resistance 

results from the polymer and filler network's improved interfacial 

adhesion. The tortuous path generated by the fillers is also indicated by 

the decrease in solvent diffusion in the filled polymer systems (260). 

Subsequently, a further increase in filler quantity causes 

agglomeration, which leaves gaps in the system that facilitate solvent 

penetration. 
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- Q  

Sample 

Q (mol %) 

Toluene Xylene Mesitylene 

NR-Neat 2.6696 2.3122 2.2725 

NR-SSW2.5 2.6238 2.3007 2.2637 

NR-SSW5 2.6190 2.2898 2.2203 

NR-SSW7.5 2.5805 2.2552 2.1943 

NR-SSW10 2.5978 2.2638 2.2055 
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Table 6.9. Crosslink density and swelling index values of NR-SSW 
composites 

Sample's name 
Crosslink density 

× 10-4 (molg-1) 
Swelling index (%) 

NR-Neat 1.58 ± 0.02 245 ± 3 

NR-SSW2.5 1.61 ± 0.01 242 ± 2 

NR-SSW5 1.63 ± 0.02 241 ± 2 

NR-SSW7.5 1.66 ± 0.03 236 ± 1 

NR-SSW10 1.65 ± 0.02 238 ± 1 

 

6.2.11. Diffusion coefficient, sorption coefficient and permeation 

coefficient 

diffusion (D) coefficients in various solvents at room temperature are 

displayed in Table 6.10. D, S, and P values are found to be at their 

highest in unfilled systems because NR with flexible chains may 

readily adapt to solvent penetration. All solvents show a constant drop 

in values as the filler content is increased up to 7.5 phr filler loading. 

However, there is a modest increase in values at higher filler loading. 

This may result from decreased free space, filler-matrix interaction at 

increased loading, filler-filler network development, and reduced chain 

mobility of polymers. Due to the large activation energy requirement 
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for penetration as the solvent size grows, the size of the penetrant is 

also significant in the diffusion process. Solvents have molecular 

masses in the following order: toluene < xylene < mesitylene. As a 

result, the diffusion coefficient of the specific composite at a given 

temperature is , with 

toluene being more than xylene and mesitylene. The trends in the 

sorption and penetration coefficients are likewise comparable. 

-
 

 

 

 
 
 
Sample 

Diffusion coefficient 
(D)  

× 10-4 (cm2s-1) 

 
Sorption 

coefficient (S) 

 Permeation 
coefficient (P) 
× 10-4 (cm2s-1)

T
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yl

en
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M
es
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T
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X
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M
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NR-
Neat 

29.70 19.62 14.57  2.38 2.31 1.83  70.59 44.10 26.73

NR-
SSW2.5 

24.43 19.20 13.06  2.37 2.32 1.89  57.99 44.65 24.77

NR-
SSW5 

22.94 15.49 10.39  2.37 2.31 1.84  54.36 35.85 18.73

NR-
SSW7.5 

21.54 10.45 10.05  2.24 2.18 1.80  48.25 22.77 18.54

NR-
SSW10 

22.60 10.56 11.90  2.32 2.28 1.86  52.61 24.05 21.01
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X
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M
es
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NR-Neat 0.48 0.53 0.61  0.38 0.37 0.30 

NR-SSW2.5 0.45 0.52 0.59  0.33 0.35 0.31 

NR-SSW5 0.50 0.53 0.54  0.35 0.31 0.30 

NR-SSW7.5 0.51 0.50 0.57  0.32 0.29 0.29 

NR-SSW10 0.47 0.50 0.57  0.37 0.35 0.30 

 

According to the data, the values of n for xylene and toluene 

follow the Fickian transport mechanism. Additionally, mesitylene 

displayed anomalous behaviour. The delayed and viscous polymer 

chain relaxation following filler replenishment is the cause of the 
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anomalous mode. The value of k is used to evaluate the polymer's 

structural properties. Additionally, it offers insight into the way solvent 

and matrix molecules interact. The similar values of k discovered in the 

utilised solvents show how similarly the matrix and the solvents 

interacted (226). No correlation exists between n and the quantity of 

filler added to NR. 

6.3. Conclusion 

FTIR, FESEM, and TGA were used to characterise the NR-

SSW composites, which were made using two roll mill mixing 

procedure. This study assessed the reuse of recovered SSW generated 

during the production of ultramarine pigment and examined the 

fabricated NR-SSW composite s curing, mechanical, thermal, and 

sorption properties. NR composites with 7.5 phr SSW showed 

noticeably higher tear strength, modulus at 300 % elongation, tensile 

strength, and enhanced abrasion resistance than NR-Neat. With 

increased filler loading, other mechanical properties, such as hardness, 

heat build-up, and compression set, are observed to rise. Up to 7.5 phr 

loading, the SSW was evenly distributed over the NR surface, as 

shown by the FESEM surface morphology of the NR-SSW 

composites. The tensile strength values were verified using the N-N, 

Lu, and T-P-T models. The T-P-T model and experimental tensile 

strength values agreed significantly up to 7.5 phr of SSW loading at    

B = 5. This relationship with theoretical models clearly shows the 

homogeneous distribution of SSW over the NR surface up to SSW 

loading of 7.5 phr.  
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Comparing NR-SSW composites to NR neat, thermal studies 

revealed the composite s better thermal stability. TGA has been used 

to investigate the kinetics of the heat deterioration of the NR-SSW 

composites. Isoconversional, model-free FWO, KAS, Tang, and 

Starink methods were used to calculate the Ea values for the 

breakdown of NR-neat and composites. These isoconversional models 

helped predict changes in Ea and trace the paths followed during 

thermal degradation. Multi-step degradation kinetics were anticipated 

by the four isoconversional models for the resulting composites.  

It is found that compared to the other solvents used, toluene 

exhibits a higher swelling behaviour. The increase in filler loading in 

any solvent results in a decrease in solvent intake. The kinetic 

parameters like sorption, penetration, and diffusion coefficients were 

studied. The transportation method with mesitylene exhibited 

anomalous transport behaviour, whereas toluene and xylene align with 

Fickian theory. The NR composite with 7.5 phr SSW may be a better 

alternative to NR in common rubber products due to its exceptional 

mechanical, thermal, and sorption properties. This work also addresses 

environmental pollution issues by exploring the reutilisation of SSW 

from the pigment industry from a circular economy perspective. 
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The substantial increase in industrialisation has a negative 

impact on the biosphere because of the excessive release of various 

industrial wastes. Landfills and other traditional methods are no longer 

sufficient to address the overproduction of industrial waste. Recycling 

these wastes is therefore growing in popularity. It is essential to 

effectively utilise different industrial wastes to reduce production costs 

and prevent pollution. High-performance rubber composites are 

critically needed for various applications in addition to recycling 

industrial waste. Numerous articles discuss the use of biomaterials as 

rubber fillers in particular contexts. However, the literature lacks 

information about the reutilisation of industrial solid wastes from the 

footwear, condom, and pigment industries. Large amounts of the 

aforementioned wastes are produced and typically dumped in landfills, 

seriously contaminating the ecology. As a result, a lot of attention was 

paid to using these industrial wastes as fillers in conjunction with 

reinforcement in NR to produce NR-waste composites, which would 

improve NR's sorption, mechanical, and thermal properties. 
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The solvent uptake increased with an increase in 

temperature as solvent molecules are activated at high temperatures 

and also due to the weakening of matrix-filler interaction creating free 

volume for the easy diffusion of solvents. 

 

 

Q values of optimised composites in toluene 
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