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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.
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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-



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.



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 EV A/chitosan-g-PANi
showed decrease in tensile strength with increase filler content. Samples with grafted PANi1
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

Bashpa P. Mechanical, Thermal and Sorption Studies of Industrial Waste Reinforced Natural Rubber.
St. Joseph's College (AUTONOMOUS) Devagiri, University of Calicut. 2024
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Chapter 1
Introduction

This chapter discusses the need to recycle industrial wastes as they seriously
harm the environment. The majority of industrial waste is currently dumped
in landfills, which harms the ecosystem. The generation, handling, and
treatment of various industrial solid wastes are covered in detail. A complete
discussion on the possibility of using industrial solid waste as a filler in
different rubbers is included, and an inquiry into their potential for reuse is
explained. A description of natural rubber and information on fillers that
could improve various properties of natural rubber is provided. Recent
research on the use of biological, inorganic, and organic wastes as fillers in
rubber is detailed. Additionally, the current study's scope and objectives are
mentioned.

Bashpa P. Mechanical, Thermal and Sorption Studies of Industrial Waste Reinforced Natural Rubber.
St. Joseph's College (AUTONOMOUS) Devagiri, University of Calicut. 2024






Introduction

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 954 % 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).




Introduction

Kabul
TAN

PAKISTAN

arachi

YANMAR
(BURMA)

SOLID WASTE GENERATION "9°"
B <:0x 0 ,
I <27sc e ' ;
[] <5500 TPD
[ sucomo -

B <2700 Te0 ’
Sources: Esri, 1IERE, Garmin raq NOAA UGS, ©

OpenSireetVap contributors, the GIS User

0 15C 300 60O Kilometers . o
S R

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).
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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

10
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the traditional disposal method, symbolised by the four Rs as stated

below in Figure 1.4.

/" N
\ 4

ost favoured option

Reduce

2 3 Reuse

3 == Recycle

'D Recovery
‘» Disposal

\Least favoured option /

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 moncy.

» 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:

11
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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.

12
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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.

13
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Introduction

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.

F Composites ]

|
1 1

Based on
Based on matrix

reinforcement

}

- Fibre Particle
[ Metal ] [ Polymer ] [ Ceramic ] [reinforce d] [reinforce d][Structural]

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

17
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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.

CH» HzC

\c e c/ —) \c — c:/CH2
\

7 N\ 7

H,C H CH;

Isoprene .
H Polyisoprene

(Natural Rubber)

Figure 1.6. NR’s chemical 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.

Classification of
fillers

A

Based on ) '
[ composition | [ Based on shape ] [ Based on size ]

4

Organic Inorganic Spherical, flakes, Macro, micro &
fillers fillers platelets nano fillers

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

19



Introduction

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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1s 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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Introduction

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, CaCOs,
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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Introduction

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.
Polyurethane waste (PUW) from the footwear industry.

Magnesium carbonate waste (MCW) from the condom

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

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).

To employ the powdered waste materials as fillers in NR for

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

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’s 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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Chapter 2
Materials and Methods

The material specifications and the experimental methodology employed for
the current investigation are given in this chapter. The features of industrial
waste materials and their composite compositions with NR have been
covered. Various analytical techniques have been explained to characterise the
collected industrial wastes, clay and fabricated natural rubber-waste
composites. The methods for examining the cure, mechanical, thermal and
sorption properties of NR-waste composites have been explained. Established
modelling techniques, namely the Nicolais-Narkis (N-N), Lu, and Turcsinyi-
Pukanszky-Tiidos (I-P-T) models were employed to validate the tensile
strength and Einstein and Guth models for Young's modulus of the
fabricated composites. The reported study involves the application of Flynn-
Wall-Ozawa (FWO), Kissinger-Akahira-Sunose (KAS), Tang, and Starink
model-free methods to investigate the kinetics of non-isothermal degradation
reaction utilising thermogravimetric analysis.

Bashpa P. Mechanical, Thermal and Sorption Studies of Industrial Waste Reinforced Natural Rubber.
St. Joseph's College (AUTONOMOUS) Devagiri, University of Calicut. 2024






Materials and Methods

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

Property Value
Dirt content (% by mass) Max. 0.05
Volatile matter (% by mass) Max. 0.80
Ash content (% by mass) Max. 0.60
Nitrogen content (% by mass) Max. 0.60
Initial plasticity Min. 30
Plasticity retention index (PRI) Min. 60
Solubility parameter (MPa'?) 16.6
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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

(D 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 wusing 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 (Nag-10AleS16024S2-4),
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 H»S, 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
Property Value
Specific gravity 5.50
7Zn0 content (%) 98.00
Acidity (%) 0.40
Heat loss (%), max (2 hours at 100 °C) 0.50
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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

Property Value

Appearance Light cream to brown
Specific gravity 0.90

Melting point (°C) 50-69

Acid value 195-205

Iodine value (max) 20

% ash by mass (max) 0.1

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

Property Value
Specific gravity at 25 °C 1.27
Melting point (°C) 97-99
% ash (max) 0.3

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

Property Value
Melting point (°C) 142-147
% ash (max) 0.3
Specific gravity at 25 °C 1.43

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

Property Value
Appearance Amber to brown
Melting point (°C) 90

Specific gravity 1.06

Form Flakes

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.
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Table 2.7. Specifications of sulphur

Property Value

Appearance Yellow fine powder
Elemental sulphur (%) 80.0

Specific gravity 2.05

Acidity (%), (max) 0.05

Ash content (%), (max) 0.05

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

Molecular Density Bm!mg Solubility
Solvent weisht (kg/m?) point parameter
g g (OC) (MPal/Z)
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"x12"
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

Ingredients Amount (phr)
ISNR 5 100
Zinc oxide 5.0
Stearic acid 2.0
™Q 1.0
CBS 0.6
TMTD 0.2
Sulphur 2.5

2.3.2. Compression moulding

The composites were vulcanised in conventional moulds using
an electrically heated hydraulic press with a 12" x 12" platen size and
150 kg/cm? 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 too, is the period required to generate

90 % of the maximal torque, determined using the following formula.
Torque at optimum cure = 0.9 (My — M) + M, 2.1

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

minimum torque.

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

mixture is cured.

Minimum torque, Mr: 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.

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

reach 98 % of Mpu.
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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.

19mm

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

Al’nl.dz

Abrasion resistance Index (%) = ——=
Aml.dl

x 100 (2.3)

where Am; and Amo are the mass losses in mg of the test piece and
standard rubber, respectively, and d; and d> 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).

_ To-Tj

"~ To-Tn

Compression set (%) x 100 2.4)

where T, is the thickness of the utilised spacer bar, and Ty and T; 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 wusing 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 the composite’s tensile strength: namely, the Nicolais-
Narkis (N-N) model (123), the Lu model (124), and the Turcsanyi-
Pukanszky-Tiidos (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 (oc = om). Thus, Equation (2.5) provides the

composite's tensile strength.
0. = o, (1—1.210%/3) (2.5)

where o. and om 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.
0. = 0, (1 —1.070%/3) (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. Turcsanyi-Pukanszky-Tiidos model

Strong particle-matrix interfacial bonding is assumed in the
Turcsanyi-Pukanszky-Tiidos (T-P-T) Model, and an empirical

relationship is suggested as given in Equation (2.7) below.
0. = 0, (1= 0)/(1+ 2.50)eBo) (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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E. = E,(1+2.50) (2.8)

Where Ec and En 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).

E. = En (14250 + 14.10%) (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™ to 400 cm™ was used
in transmittance and attenuated total reflection (ATR) modes with a

resolution of 4 cm™!, 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 sample’s XRD patterns were acquired
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
1s 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 um, 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/Po) 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 °C/min

between 40 °C and 600 °C while being purged at a rate of 100 cc/min
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of nitrogen. The temperatures recorded were of the onset (T;), residue
detected at 600 °C, 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).

do
= = k()f(2) (2.10)

T and t denote the temperature and time, and o is the conversion factor
provided by Equation (2.11).

R ) @2.11)

" (mo-mg)

where f(a) is the conversion function, mo, m¢, and mrare 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).

_Ea

k(T) = Aexp (22) 2.12)
Terms in Equation (2.12) include the pre-exponential factor (A) in s,
the universal gas constant (R), the activation energy (E.) of the

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

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

o = Aexp (;—?) f(o) (2.13)

Under dynamic circumstances, the temperature varies linearly with

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

T=T, + Bt (2.14)

where f is the heating rate (§ = %) and on applying Equation (2.14)
in Equation (2.13), we get,

da _ A -E,

da _ A -E,
T B exp(RT) f(a) or fw = § &P (ﬁ) dT (2.15)

The integral conversion function, g (o), can be obtained by integrating

dynamic conditions of Equation (2.16).
A (T -E A
g = 5y exp(32) dT = £ p () (2.16)

. . . . Ea .
where p (x) is the temperature integral in which x = R—f} 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 E,

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
with various heating rates (B) to determine the temperature that
corresponds to a fixed conversion degree (). 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, In[p(x)] = —2.315 — 0.456x.

—0.457E, AE
logp = =222 + {log [g(a; — 2.315} (2.17)

The log B against the 1/T plot should yield a straight line, and the E, is
calculated from the slope (0.457E./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 E, depends on the degree of conversion (a) for dynamic trials
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

relationship between  and T at a given a as

n(£) =i () - () o1

The slope (‘Eo/R) of the linear fit of In(p/T?) and 1/T, obtainable from

TGA data of various heating rates, can be used to determine E. 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.

In (Tls—ﬁw) = constant — 1.00145 (%) (2.19)
E.can be evaluated from the plot of In (TIB—BW) versus I/T 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).

B

T1.92

In—r; = constant — 1.0008 =2 (2.20)
Using the linear least squares approach, E. has been calculated from
B

T1.92

the slope of In against 1/T 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).

M, u,

Qe = x 100 (2.22)
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where M, M, and M,, stand for the mass of solvent absorbed at time t,
the solvent's molecular mass, and the composite’s mass, respectively.
The resulting Q; % 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.

Swelling index (%) = %ﬂ
0

x 100 (2.23)
W, and W, are the specimen's weights before and after swelling. The
crosslink density (1/2M.) was calculated using an equilibrium swelling
approach with toluene as the solvent, where M. 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 (Vry) in
the swollen network was estimated from the following Equation (2.24)

(148).

_ (mg—fm;)p;r?*
Vrf

T (mg-fmppr +mgp3?t

(2.24)

where pr is the polymer density, ps 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 m; and mg. The Flory-Rehner Equation was used to
compute the crosslink density in Equation (2.25)(149).

Crosslink density = ﬁ (2.25)

C

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

given in Equation (2.26)

—prVSV#?’rf

€ In(1-Ve)+Vrp+xVZ

(2.26)

where V; is the solvent's molar volume (toluene has a molar volume of
106.2 cm3/mol), y is the parameter describing the interaction between

the rubber and solvent, and y = 0.3795 for the NR-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

diffusion coefficient (D).

D=m (%) (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

0.
2.9.2. Sorption coefficient

The sorption coefficient (S) is correlated to the solvent's
equilibrium sorption and is estimated by Equation (2.28).

Woo

S=Wp

(2.28)

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

W, 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.

P=DxS (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)

log(%o = logk + nlogt (2.30)
Q¢ 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 Q¢/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 7 is between
0.5 and 1. A constant that changes depending on the composite's
structure, the factor & indicates how the composite and solvent interact.
Lower values of & 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).
X = X e E/RT (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. Xo denotes Py, Do, or So
constants. The activation energy of diffusion (Ep) 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

sorption (AH).
AH =E, — Ep (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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Chapter 3
Characterisation of Fillers

The properties of various industrial wastes, namely, 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 that have been gathered and employed as
fillers for reinforcement in NR are fully explained in this chapter. There is
also a brief description of clay's qualities, which is used as an additional filler
along with PUW. The other impurities present were removed from the
collected industrial wastes, powdered and characterised by various analytical
techniques like Fourier Transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), Thermogravimetry (1G), Field emission scanning
electron microscopy (FESEM), Energy dispersive X-ray (EDX), High
resolution tunnelling electron microscopy (HRTEM), Dynamic light
scattering (DLS), and Brunauer-Emmett-Teller (BET) surface area analysis.

Bashpa P. Mechanical, Thermal and Sorption Studies of Industrial Waste Reinforced Natural Rubber.
St. Joseph's College (AUTONOMOUS) Devagiri, University of Calicut. 2024
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3.1. Introduction

The collected industrial solid wastes included rigid
polyurethane-rich shoe sole waste, light magnesium carbonate waste,
and recovered sodium sulphate waste from the footwear, condom, and
pigment industries, respectively. These wastes are produced in vast
amounts, and their landfill seriously pollutes the environment. Before
being characterised, all the collected industrial wastes were adequately
isolated from other wastes and powdered. Several analytical techniques
were employed to characterise these wastes, including FTIR, XRD,
FESEM, HRTEM, DLS, BET, EDX, and TG. These wastes were
employed as reinforcing fillers in NR to fabricate NR-industrial waste
composites to study the enhancement of NR's mechanical, thermal, and
sorption properties for industrial applications in a circular economy

strategy.
3.2. Characterisation of polyurethane waste

Polyurethane waste (PUW) collected from the footwear
industry (Veekesy Elastomers Pvt. Ltd., Kozhikode, Kerala) was
characterised by FTIR, FESEM, XRD, FESEM-EDX, and TGA

techniques.
3.2.1. Fourier Transform infrared spectroscopic analysis of PUW

Figure 3.1 shows the FTIR spectra of PUW, which
displayed three distinct absorption peaks at 3311 cm™ (N-H
stretching), 2974 cm™ (-CH: stretching), and 2867 cm™ (-CHj

stretching), respectively. There were also other notable peaks found,
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including those at 1700 cm’' (urethane C=O stretching), 1527 cm’!
(C-H-N vibration), 1226 cm™ (coupled C-N and C-O stretching), and
1076 cm™ (C-O stretching). The observed peaks demonstrated the
existence of different functional groups in PUW (152,153).
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Figure 3.1. FTIR spectrum of PUW

3.2.2. X-ray diffraction analysis of PUW

The XRD pattern of PUW is displayed in Figure 3.2. The
amorphous character of PUW is indicated by the prominent peaks at
20 = 20° and 40°. Even though PUW has both hard and soft segments,
their incorrect alignment reduces the crystallinity (154,155). The
percentage crystallinity of PUW was found to be 31 %, as calculated
using the XRD deconvolution method (153).
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Figure 3.2. XRD pattern of PUW
3.2.3. Surface morphological analysis of PUW

Figure 3.3 shows the FESEM image of PUW, which is used to
analyse the surface morphology of the material. The dispersion of
particles with a non-spherical irregular shape and mild aggregation can
be seen in Figure 3.3. The PUW powder is typically in a soft physical
state, and the average particle size determined from the FESEM

analysis is between 50 and 100 um.
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Figure 3.3. FESEM of PUW

3.2.4. Elemental analysis of PUW

Figure 3.4 displays the chemical composition of PUW,
established by the FESEM-EDX analysis. Carbon, oxygen, and

nitrogen were identified as the primary ingredients based on the EDX

pattern. Traces of silicon were also found since it is used in the

footwear industry as a mould-releasing agent while producing PU.
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Figure 3.4. Elemental composition of PUW
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3.2.5. Thermogravimetric analysis of PUW

Figure 3.5 illustrates the TG-DTG curves of PUW powder. The
thermogram showed a two-stage decomposition that started at 260 °C
and involved breaking urethane links and releasing volatile chemicals.

The second stage involved the oxidation of the residues (156,157).
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Figure 3.5. TG-DTG curves of PUW
3.3. Characterisation of light magnesium carbonate waste

The light magnesium carbonate waste (MCW) collected from
the condom industry (HLL Lifecare Ltd., Thiruvananthapuram, Kerala)
was characterised by FTIR, XRD, FESEM, HRTEM-EDX, BET, DLS,

and TGA techniques.
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3.3.1. Fourier Transform infrared spectroscopic analysis of MCW

Figure 3.6 displays the FTIR spectrum of MCW powder,
denoting the essential details about the material's structure. Strong
bands at 870 cm™ signify the asymmetric deformation of COs>" and are
observed as doublets at 1481 and 1427 cm’, respectively,
corresponding to the asymmetric stretching vibrations of C-O bonds.
The carbonate group's C-O deformation (symmetric) vibration is
responsible for the weak band seen at 1026 cm™. The calcite form of
CaCOs has distinctive bands with notable peaks at 802 and 702 cm!
(158,159).

102

100 4
98 -
96-.
94 4

1026
92 870

Transmittance (%)

90 + 802

702
88 -+ NMZ']

1481

86 ' T i T e L > L] ® T o
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 3.6. FTIR spectrum of MCW
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3.3.2. X-ray diffraction analysis of MCW

Figure 3.7 shows the results of the XRD analysis used to
determine the structural properties and phase of MCW powder. The
characteristic peaks point to the crystalline form of the MCW powder
with residues of CaCOs3. Peaks associated with MgCOs3; were found at
20 = 32.68°, 35.82°, 43.21°, and 53.82°, respectively, which
correspond to the hkl planes (104), (006), (113), and (116) and peaks
associated to CaCOs at 20 = 46.95° and 70.45° correspond to (202) and
(300) planes (160,161).
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Figure 3.7. XRD pattern of MCW
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3.3.3. Thermogravimetric analysis of MCW

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 CO; (163).
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Figure 3.8. TGA curve of MCW
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3.3.4. BET isotherm analysis of MCW

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 (Po). 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 x10 cm’g™.
As equilibrium pressure rises, the compound containing MgCO3 and
CaCOs3 has a greater adsorption capacity because of the condensation
of N> molecules in mesoporous adsorbents at high pressures. The
measured surface area, which is 7.0660 m?g’!, 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 3.9. BET-adsorption-desorption isotherms of MCW (inset BJH
plot)

3.3.5. Morphological analysis of MCW

Figure 3.10 (a-b) shows the results of the FESEM and HRTEM
examination of the MCW and illustrates how the FESEM findings
foretell the agglomerated structure of the combination of magnesium
carbonate and calcium carbonate (165). The application of
ultrasonication before HRTEM examination aided the separation of
agglomerated nanoclusters. Figure 3.10 (b) evaluates the existence of
rhombohedral nanoparticles connected to magnesium carbonate and

calcium carbonate.
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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 CaCOs 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.
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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 FTIR, FESEM, XRD, FESEM-EDX, and TGA

techniques.
3.4.1. Fourier Transform infrared spectroscopic analysis of SSW

The chemical reliability of SSW was assessed by FTIR analysis
and is given in Figure 3.13. Spectra of SSW revealed several
significant peaks related to its nature. The absorption band in the range
3404-3495 cm’! is due to the -OH stretching vibrations of water of
crystallisation. The -OH bending modes are also present between 1600
and 1700 cm™ (at 1635 cm™). This implies that during the separation
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process, water has been retained by SSW. The peaks present at
1115 cm™ and 615 cm™ were indicative of asymmetric stretching and
asymmetric bending of the SO4* group, respectively. The bands
observed below 700 cm™ are attributed to both symmetric and

asymmetric bending of the SO4> group (166).
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Figure 3.13. FTIR spectrum of SSW

3.4.2. X-ray diffraction analysis of SSW

The XRD pattern of SSW is given in Figure 3.14. Sharp peaks
were obtained at 20 = 27.65, 29.56, 43.44, 57.91, and 60 (JCPDS card
No. 00-037-1465), which corresponds to the hkl planes, i.e., (113),
(004), (041), (262), and (333), respectively, confirming the crystal
structure of sodium sulphate. The SSW has undergone heating at high
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temperatures during the manufacture of ultramarine blue pigment, and

therefore, it often adopted the orthogonal phase (167,168).
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Figure 3.14. XRD pattern of SSW
3.4.3. Thermogravimetric analysis of SSW

The TGA thermogram for the SSW sample is displayed in
Figure 3.15. The test run was conducted with a 100 cc/min nitrogen
flow and a 10 °C/min heating rate. TG analysis confirmed that the
recovered SSW crystals were completely dehydrated. In the 40 to
180 °C temperature range, the predicted weight loss, i.e., 4.8 %, is
much less than that of hydrated Na;SO4. There was little impact on the
thermally processed SSW sample between 200 and 800 °C (169,170).
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Figure 3.15. TGA thermogram of SSW

3.4.4. BET isotherm analysis of SSW

One crucial element that could influence how strong and
resilient a material is its surface area (171). The SSW sample's surface
area and pore size were ascertained using N> adsorption-desorption
isotherms (172,173). A classical type-IV nitrogen isotherm with a
hysteresis loop is visible in the adsorption/desorption isotherms (174).
The calculated surface area of the SSW sample was found to be
1.944 m?g". The relative pore volume of SSW is measured to be
relatively low (0.008 cm’g™!). The results demonstrate that the heating
treatment may increase the surface area due to the activated form of the
SSW sample. The Langmuir and BJH plots of SSW are given in
Figures 3.16 and 3.17.
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Figure 3.16. Multi-point BET plot of SSW
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Figure 3.17. BJH plot of SSW
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3.4.5. Morphological and elemental analyses of SSW

The size and surface morphological details of SSW were
evaluated by FESEM analysis (Figure 3.18). The SSW sample showed
octahedron geometry as a result of its processing at very high
temperatures, as shown in Figure 3.18 (a-b) (175). The octahedron-
type geometry consists of prismatic-like units of size varying between

about 1-20 um [Figure 3.18 (c)]. The elemental compositions obtained

from the FESEM-EDX analysis ensure the presence of Na, S, and O>
and indicate the existence of Na,SO4 [Figure 3.18 (d)].
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Figure 3.18. FESEM and FESEM-EDX images of SSW
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3.5. Characterisation of clay

Hydrated clay was collected from the English Indian Clays Ltd.
(EICL), Thiruvananthapuram, Kerala and is characterised by FTIR,
FESEM-EDX, and TGA techniques.

3.5.1. Fourier Transform infra-red spectroscopic analysis of clay

Figure 3.19 shows the FTIR spectrum of clay. The
characteristic bands at 3690 and 3620 cm™ correspond to stretching
vibrations of -OH groups, and the Si-O bonds cause bands at 1115 and
1005 ecm™ (176,177). In addition, the bands at 780 and 675 cm™
originate from the deformation vibrations of the Al-O-Si bonds, while
the band at 912 cm™! is attributable to the deformation vibration of the

Al-OH (178,179).
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Figure 3.19. FTIR spectrum of clay
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3.5.2. Elemental analysis of clay

The FESEM-EDX analysis was used to determine the clay's
chemical composition, as shown in Figure 3.20 and revealed carbon,

oxygen, aluminium, sulphur, silicon, and sodium as the main

constituents.
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Figure 3.20. Elemental analysis of clay
3.5.3. Thermogravimetric analysis of clay

TGA is used to analyse clay's thermal stability, and the TG-
DTG curve is shown in Figure 3.21. Two primary stages of breakdown
are visible in the thermogram. The removal of adsorbed and

intercalated water from the clay causes the first loss to occur at 100 °C
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and 240 °C, respectively (180). The temperature range for second
weight loss is 440-670 °C, which is associated with the

dehydroxylation of the various silicate phases found in clay (181).
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Figure 3.21. TG-DTG curves of clay
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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Chapter 4
Mechanical, thermal and sorption studies of
natural rubber-polyurethane waste
composites
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In this chapter, natural rubber-polyurethane waste (NR-PUW) composites
were fabricated and thoroughly characterised. The procedures for evaluating
the rheological, mechanical, thermal and sorption properties of the NR-PUW
composites have been described. The Nicolais-Narkis (N-N), Lu, and
Turcsdanyi-Pukanszky-Tiidos (1-P-T) models were used to validate the tensile
strength as well as the Einstein and Guth models to validate the Young's
modulus of the fabricated composites. The reported study applies the Flynn-
Wall-Ozawa (FWO), Kissinger-Akahira-Sunose (KAS), Tang, and Starink
model-free methods to explore the kinetics of non-isothermal degradation
using TG analysis. Various sorption parameters and the sorption
characteristics of NR-PUW composites in different aromatic, aliphatic and
industrial solvents have also been investigated.

Bashpa P. Mechanical, Thermal and Sorption Studies of Industrial Waste Reinforced Natural Rubber.
St. Joseph's College (AUTONOMOUS) Devagiri, University of Calicut. 2024
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4.1. Introduction

Massive amounts of solid waste from numerous industries have
been produced due to industrialisation, urbanisation, and economic
growth (25,182). As a result, the difficulties in managing resources and
disposing of garbage are also increasing quickly. In addition to posing
serious environmental risks, poor disposal and handling also have
detrimental effects on human health (183-185). It is crucial to treat
waste effectively and sustainably, and it is unavoidable that waste
management strategies be creative in order to design goods with
additional value. Conventional techniques like incineration and
landfilling are the least preferable because they harm the ecosystem
and groundwater (186). Modern recycling practices use many different

recycling procedures to replace traditional ones (187).

NR is a significant biopolymer primarily employed in the tyre
industry because of its exceptional characteristics (188). Its most
crucial properties are excellent strength and extraordinary fatigue
resistance. NR has mediocre resistance to environmental degradation
from light and heat. NR can adhere to other materials and to itself
thanks to its great green strength and tack. NR-reinforced materials are,
therefore, more practical for industrial purposes (189). The use of
industrial waste-derived materials with strong reinforcing and
processing capabilities as fillers in the rubber industry is gaining
popularity due to the steep increase in the price of NR and other
compounding components (190,191). NR combines with organic,

inorganic, and bio-based waste additives for the desired qualities, and a
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brief literature description is given in Tables 1.2 to 1.4 in the

introduction part of this thesis.

The footwear industry commonly employs rigid PU as
crosslinked microcellular foams to manufacture chappal and shoe
soles. Due to the extensive use of PU in the footwear industry and the
fact that it cannot be recycled, vast amounts are currently dumped in
landfills worldwide, which poses a severe threat to the environment.
The considerable impact of PUW on environmental contamination and
ongoing changes in regulatory requirements have drawn attention to
this issue on a global scale. Over several decades, various techniques,
including mechanical degradation, incineration, and landfilling, have
been tried (192,193). Alternative methods for disposing of PU goods
are becoming more viable due to rising landfill costs and shrinking
landfill space (194,195). PUW recycling has been explored using
several techniques, including chemical processing, thermochemical
processing, and mechanical recycling (196,197). The documented
hygrothermal breakdown of polyester-urethane waste has led to the
usage of the byproducts as fillers in NR, styrene-butadiene rubber
(SBR), chloroprene, and nitrile rubber to enhance the cure and

processing properties of these materials (198,199).

A developing, efficient, and cost-effective method of waste
management is the mechanical recycling of the crosslinked PUW
produced by the footwear industry. PUW is reused as a filler in
elastomers by regrinding technology, a significant component of
mechanical recycling (200,201). The use of PUW as a reinforcing filler
in NR 1is investigated as an attempt to lower environmental pollution

and production costs. The general formulation of NR compounding is
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given in Table 2.9" of the Materials and Methods section. 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

Sample designation NR PUW
NR-Neat 100 0
NR-PUW2.5 100 2.5
NR-PUWS5 100 5
NR-PUW7.5 100 7.5
NR-PUW10 100 10
NR-PUW20 100 20

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

The fabricated composites underwent rheological, mechanical,
thermal, and sorption investigations. Studies using established
theoretical modelling methods on tensile strength and Young's modulus
were also conducted to validate the experimental results. Degradation
kinetics of NR-PUW composites were also studied using various

model-free approaches.

4.2. Results & Discussion

4.2.1. Attenuated total reflectance-Fourier Transform infrared

spectroscopic analysis

Figure 4.1 depicts the ATR-FTIR spectra of NR-Neat and NR-
PUW composites, and the peaks obtained are explained in Table 4.2.
An interaction between the functional groups in NR and PUW during
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the curing reaction is ruled out by the lack of discernible changes in the

position and intensity of peaks in the FTIR spectra.

Table 4.2. Prominent peaks in the ATR-FTIR Spectra

Band position

(em™) Assignment
2960 Symmetric and asymmetric stretching vibrations of
the CH group
2911 Symmetric and asymmetric stretching vibrations of
the CH, group
2840 Symmetric and asymmetric stretching vibrations of
the CHj3 group (202)
831 Isoprene functional group (203)
1363 Symmetric vibration of CH3z in NR
1448 Symmetric vibration of CHz in NR
1538 C-N-H vibration of PU confirming the presence of
PUW (204)
1080 C-O-C stretching vibrations of PU (205)
NR-PUW20
Wdh\/\/\v A/VW
.§. NR-PUW5S
g \,‘WJ\/
g
- M\AWW
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 4.1. ATR-FTIR spectra NR-Neat and NR-PUW composites
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4.2.2. Surface morphology of NR-Neat and NR-PUW composites

The FESEM surface morphology of NR-Neat and its
composites with 5 phr, 10 phr, and 20 phr PUW, respectively, is shown
in Figures 4.2 (a) to (d). These FESEM pictures demonstrate notable
variations in the morphology of stress-fractured surfaces. Figure 4.2 (a)
shows the presence of cavities harbouring tiny curative particles on
NR, while Figure 4.2 (b) shows homogeneous PUW dispersion on NR
with ridges and undulations that exhibit effective stress transfer. As the
PUW loading increases, the filler particles start to aggregate. Figures
4.2 (¢) and 4.2 (d) show PUW aggregates and cracks resulting from a
breakdown in the shear yielding between neighbouring PUW particles.
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Figure 4.2. FESEM images of (a) NR-Neat, (b) NR-PUWS, (c¢) NR-
PUWI10 and (d) NR-PUW20
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4.2.3. Cure characteristics of NR-PUW composites

Table 4.3 illustrates how PUW affected the cure properties of
NR. All composites have identical additives (zinc oxide, stearic acid,
TMQ, CBS, TMTD, and sulphur). NR-PUW composite's cure time
(too) improved as filler loading was increased. The maximum torque
value (Mn), which reveals the composite’s stiffness, decreased upon
adding filler because of the decrease in NR crosslinking brought about
by the addition of PUW. It was found that the cure rate index (CRI),
which measures the curing rate, dropped when the filler loading
increased. The decrease in CRI could be attributed to the delayed cure
brought on by PUW in NR because of the decreased matrix-filler

interaction.

Table 4.3. Cure properties of NR-PUW composites

Cure NR- NR- NR- NR- NR- NR-
characteristics Neat PUW2.5 PUWS5 PUW7.5 PUWI10 PUW20

Cure time, too

) 3.67 4.1 4.18 435 4.38 4.4
(min)
Scorchtimets: ) 545 221 218 213 1.97
(min)
Minimum
torque, Mp 6 4.8 5.4 6.6 6.8 8.2
(dNm)
Maximum
torque, My 72.9 67.5 61.1 59.7 51.1 449
(dNm)
Mu-Mr (dNm)  66.9 62.7 55.7 53.1 443 36.7

Cure rate index

.1 54.65 51.28 50.76 46.08 44.44 41.15
(min™)
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4.2.4.Mechanical properties of NR-PUW composites
Figure 4.3. depicts the stress-strain graphs of NR-PUW
composites. Composite with 5 phr PUW displayed the highest stress

because the matrix and filler interacted better, increasing the potential

for rupture (206).
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Figure 4.3. Stress-strain curves of NR-PUW composites

The tensile strength of NR-PUW composites increases up to
10 % on adding 5 phr PUW before rapidly declining with additional
filler loading, as seen in the case of PU nanocomposites strengthened
with nanosized zinc oxide (207). The formation of filler aggregates,
which resulted in an uneven distribution of filler in NR, was the reason
for the loss in tensile strength with increasing PUW loading. NR-PUW
interactions are decreased, and PUW-PUW interactions are promoted
when PUW volume exceeds its percolation threshold. PUW-PUW
interactions did not enable stress transfer through the composites at

higher filler loading (208).

107



Studies of NR-PUW composites

Elongation at break slightly decreased up to 5 phr loading of
PUW and significantly reduced at higher loading. The substantial
decrease in elongation at break can be ascribed to the PUW filler in the
composite, which limits the unrestricted mobility of molecular chains
in the NR (209). The modulus at 300 % elongation increases by 9 % up
to a filler loading of 5 phr before declining due to filler agglomeration
at higher loading. A similar pattern could be seen in Young's modulus.
Composite with 5 phr PUW showed maximum tear strength, and due
to the filler particle’s aggregation and poor dispersion on NR, it
considerably decreased on further loading. Comparable actions were
observed in additional systems, like ENR and NR, which were
strengthened by carbon black and calcium carbonate (210). The NR-
PUW composite's hardness rises steadily while abrasion loss
diminishes up to 5 phr loading of PUW before rising steadily with
additional loading. This may be because the matrix-filler interaction is
better at lower PUW loading than at higher loading, and as a result,
abrasion loss increases (69). Composites could withstand continuous
strain because the compression set values increased with the filler
loading. This could result from the NR-PUW link breaking down, the
PUW building up under stress, or the restricted molecular chain
mobility. The energy that a material absorbs in response to a specific
applied deformation is called resilience. Friction is produced as the
polymer chains and filler pass one another due to this deformation,
releasing heat and raising the heat build-up values of NR-PUW
composites. After adding PUW filler, the rebound resilience of NR
exhibited a declining tendency (211). Table 4.4 gives the values of

various mechanical parameters.
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Studies of NR-PUW composites

4.2.5. Theoretical modelling of tensile strength of NR-PUW

composites

The tensile strength of NR-PUW composites was confirmed,
and the extent of interfacial interaction between NR and PUW was
understood using various theoretical modelling tools. The composition,
distribution, morphology, and interaction of the filler with the matrix
all affect the mechanical properties of the composites. Three
established theoretical models, namely, Nicolais-Narkis (N-N) (123),
Lu (124), and Turcsanyi-Pukanszky-Tiidds (T-P-T) (125), were used to
validate the tensile strength of the composites as examined by Salam
and Dong (126). Based on the interfacial characteristics of the rigid
polymer-filler composites, these models typically show the tensile
strength of the materials. Tensile strength values acquired empirically
and those determined using these three theoretical models were

compared, as shown in Figure 4.4.

30
25 1
"
=
Z 20 -
=
-
en
=
£ 151
>
=
‘B
5 101
= —&— Experimental
—&— N-N Model
54 4—Lu Model
—v— T-P-T Model (B=4)
0

0.00 0.05 0.10 (.15 0.20 0.25
Volume fraction of filler

Figure 4.4. Tensile strength comparison between experimental results
with theoretical models
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According to Figure 4.4, up to 5 phr loading, the experimental
results are consistent with the T-P-T model's (B = 4, where B is a
hypothetical constant) superior matrix-filler adhesion assumption. The
N-N and Lu models, which presume minimal adhesion between the
matrix and the filler, are consistent with the experimental data at higher

filler loadings.

104 —=— Experimental
—&— T-P-T Model, B=4
1 —&— T-P-T Model, B=3|
54 —v—T-P-TModel, B:zi
~&—T-P-T Model, B=1|
<4 «— T-P-T Model, B:U!

Tensile strength (MPa)
ot
n

T T T Ll L]
0.00 0.05 0.10 0.15 0.20 0.25
Volume fraction of filler

Figure 4.5. T-P-T model comparison of experimental tensile strength
as a function of various B values

Figure 4.5 displays the T-P-T model used at various B values,
including 0, 1, 2, 3, and 4. Matrix-filler interfacial bonding is better
when B values are higher than 3 (212). By employing B value 4, the
composite’s experimental findings are consistent with the prediction of
the T-P-T model up to 5 phr PUW loading. When the filler loading
increases, the observed values deviate less from the projected values.
The results align with the predictions for B values of 0 or 1, implying a

weak matrix-filler interfacial interaction. The calculated value of B for
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NR-PUW composites using the T-P-T model equation is displayed in
Table 4.5.

Table 4.5. B values of NR-PUW composites

Compbosites NR- NR- NR- NR- NR-
post PUW2.5 PUWS PUW7.5 PUWI10 PUW20

T-P-T model

interaction 3.90 4.75 2.00 0.90 0.11

parameter (B)

Higher interaction parameter (B) values and tensile strength
were seen in the 5 phr PUW composite, indicating enhanced filler-
matrix adherence and compatibility (213). It can be inferred from the
theoretical prediction plots that up to a 5 phr loading of PUW, there is
better miscibility and matrix-filler adhesion. The filler-filler cohesive
contact may have overcome the matrix-filler adhesive interaction with
increased filler loading, which caused the matrix-filler adhesion to

collapse with higher loading.

4.2.6. Theoretical modelling of Young's modulus of NR-PUW

composites

Young's modulus, or elastic modulus, is a unit used to measure
and express a material's degree of stiffness. The elastic modulus is
constant in all directions for an isotropic material, although many
composites have anisotropy. Einstein first proposed an equation
[Equation (2.8)] based on the supposition that a particle is rigid, and
Guth later updated it as Equation (2.9) (127,128). Figure 4.6 compares
the elastic modulus experimental results with Einstein and Guth's

model.
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Figure 4.6. Experimental and theoretical Young's moduli comparison

At lower filler loading up to 5 phr PUW, the elastic modulus of
the NR-PUW composites agrees well with the values predicted by the
Guth model and the Einstein model, as seen in Figure 4.6. Improved
matrix-filler adhesion and uniform filler distribution on the matrix
could be the reason for this observation. However, the experimental
values significantly differ from the theoretical predictions due to filler
agglomeration and the absence of matrix-filler adhesion at higher PUW

loading.
4.2.7. Thermogravimetric analysis of NR and NR-PUW composites

Table 4.6 presents the findings of the thermal study of NR and
its PUW composites, and Figure 4.7 displays the TGA curves.
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Table 4.6. Thermal degradation characteristics

Properti NR- NR- NR-  NR- NR- NR-
operties Neat PUW2.5 PUW5 PUW7.5 PUWI0O PUW20
Onset
degradation
temperature, 336 339 339 4l 2 2
Ti (°C)
Maximum
degradation 386 387 387 388 389 389
temperature,
Tmax (OC)
Residue at
600 °C (%) 498 562 562 582 5.95 6.15
100
—— NR-Neat
30 4 |=——NR-PUW2.5
N [ NR-PUWS

& —— NR-PUW7.5

é 60 - = ———NR-PUWI10

= ; | NR-PUW20

CNE

2409 °

20
N P

0

100 200 300 400 500 600
Temperature (°C)

Figure 4.7. TGA curves of NR and NR-PUW composites

114



Studies of NR-PUW composites

The initial and maximum degradation temperatures (T; and
Tmax, respectively) and residue at 600 °C were determined. NR and
NR-PUW composites are degraded in one phase, and T; of NR is about
336 °C. Integrating PUW improves the matrix's thermal stability, as
evidenced by the composite’s initial degradation temperature showing
a noticeable rise. The integration of PUW on NR does not affect the
maximum degradation temperature. Increasing PUW in all composites
at the same temperature increases the amount of residue at 600 °C. The
TGA data unequivocally demonstrate the composite's better thermal

stability relative to NR.
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 E.
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 E, for all conversions based on the graphs

obtained.
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134 ¢ P 4 ey A e 1.3 »
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Figure 4.8. Kinetic plots of NR-Neat and NR-PUW7.5 by FWO

method
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Figure 4.9. Kinetic plots of NR-Neat and NR-PUW?7.5 by KAS
method
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Studies of NR-PUW composites

The initial lower E, values imply that the kinetics of the early
stages of degradation are restricted by weak link initiation. The higher
Ea values observed during the later stages indicate that the degradation
of composites becomes relatively constrained by the random scission
initiated due to the initial degradation (215,216). All composites
demonstrated higher E, values for thermal degradation than NR-Neat,
showing increased thermal stability on PUW addition. A rise in the
composite’s Ea values could be attributed to the mobility constraint of
the polymer chains with higher PUW loading. Due to filler
aggregation, E, values of composites were found to drop after 7.5 phr
PUW. The four kinetic model's E. values all agree well with one
another, demonstrating the applicability of these techniques to the

investigation of thermal degradation.

4.2.9. Activation energy dependency on degree of conversion

The kinetics of the thermal degradation can be predicted using
the dependence of activation energy (Ea) on the degree of conversion
(o). According to Vyazovkin et al., the variation of E, indicates that the
thermal degradation process has numerous steps, each contributing
equally to the overall rate (217). Figure 4.12 shows the variance of E,
for various conversion rates for NR-Neat and NR-PUW?7.5.

(@) ()"

200 4 NR-Neat ~ NRBUWS §
3004
L] WO ! i | FWo 5
180 4 ® KAS 290 4 ® Kas T
= A Tang F _ A Tang &
E ¥ Starink TEZ’“I' ¥ Starink
4 . B E
5 160 3 -
= i =2 i @
uf é o §
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L 260 ¥ %
. i
2504
] # ']
240

Figure 4.12. Variation of E, with a for (a) NR-Neat and (b) NR-
PUW?7.5
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Figure 4.12 (a) depicts a gradual increase in E. values with an
increase of a up to 0.8 in the case of NR-Neat. Then, it presents a
declining trend during the latter stages, indicating the completion of
degradation. Intriguingly, the NR-PUW composites exhibit an atypical
relationship with o and a representative plot of NR-PUW?7.5 is given in
Figure 4.12 (b). The E; values of composites are higher than those of
NR-Neat, proving their better thermal stability. The complicated
reaction steps in the degradation process are readily visible in the
fluctuation in E, obtained for the composites at higher conversion,
demonstrating the multistep reaction path (218). The aforementioned
findings indicate that all the employed model-free approaches
furnished comparable E, values across the whole conversion range
under investigation. So, it is possible to suggest isoconversional
models for precisely predicting the kinetics of thermal degradation of

various NR composites.
4.2.10. Sorption properties of NR-PUW composites

The behaviour of different organic solvents as they move
through various polymers and rubbers is of tremendous technological
significance since it is crucial to several barrier applications (143,219).
Various sorption characteristics and parameters were investigated,
determined, and described below. Solvents like toluene, mesitylene,
hexane, xylene, and petrol were employed to study the sorption

behaviours of NR-PUW composites.
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4.2.10.1. Mol % uptake of solvents

The plot of percentage uptake (Q: %) of various solvents
against the square root of time was drawn. The Q% is calculated using
the Equation (2.21). All curves in each solvent are comparable, and
Figure 4.13 shows a typical plot in toluene. As observed, swelling
begins quickly and then slows to a plateau at equilibrium swelling. Due
to a considerable concentration gradient and high levels of solvent
stress, higher swelling is experienced in the initial stage. The

concentration difference during equilibrium swelling is essentially non-

existent (220).
3.51
3.0 1
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;\? 2.04
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E 154 —— NR-PUW2.5
v # —+— NR-PUWS5
& !
1.0 { —v— NR-PUW7.5
05 —+— NR-PUW10
= “— NR-PUW20
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Figure 4.13. Mol % uptake of toluene through different NR-PUW
composites at 30 °C

4.2.10.2. Effect of filler loading

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). As can be seen from
Figure 4.13, the composite with 20 phr PUW showed the lowest

solvent absorption.
4.2.10.3. Effect of penetrant size

Table 4.8 lists the equilibrium mol % (Q.) values of the NR-
Neat and NR-PUW composites in various solvents. The results are in
the following order: toluene > xylene > mesitylene > petrol > hexane.
The Hildebrand solubility parameter (6) difference between the matrix
and solvents can be used to explain this tendency. NR, toluene, xylene,
mesitylene, and hexane each have & values 16.6, 18.3, 18.2, 18 and
14.4, respectively. For toluene and xylene, the difference in value is
smaller, resulting in the maximum solvent uptake. Due to the high

solubility parameter difference and higher molar volume, hexane has
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demonstrated minor diffusion compared to other solvents (223).
Despite the closer 6 values among xylene, mesitylene and toluene, both
xylene and mesitylene have greater penetrant size and steric effect,
which hinder their penetration through the composite. Petrol contains
trace levels of olefins, ethanol, and a combination of other
hydrocarbons such as paraffin, cycloalkanes, and benzene, according to
Indian Oil Corporation Ltd.'s BS-VI criteria. Because of its
composition, petrol has a larger average 6 value than hexane, resulting
in a higher petrol diffusion. The existence of hydrocarbons with a
smaller molecular mass that may readily permeate the NR matrix could
also be the cause of petrol's higher 6 value (224). The solvent uptake of
NR-PUW20 composite in various aromatic solvents is given in Figure

4.14.

Table 4.8. NR-PUW composite’s Q~ values for different solvents

Q- (mol %)
Sample
Toluene Xylene Mesitylene Hexane Petrol

NR-Neat 3.26 3.02 2.18 1.33 291
NR-PUW2.5 3.20 3.01 2.14 1.30 2.90
NR-PUWS5S 3.19 2.99 2.12 1.30 2.84
NR-PUW7.5 3.17 2.99 2.09 1.27 2.87
NR-PUWI0 3.14 2.98 2.07 1.27 2.81
NR-PUW20 3.04 2.60 2.04 1.23 2.73
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Figure 4.14. Solvent uptake of NR-PUW20 in various solvents

4.2.11. Diffusion coefficient, sorption coefficient, and permeation

coefficient

Tables 4.9 and 4.10 show the values of the sample’s permeation
(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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4.2.12. Mode of transport

Equation (2.29) can be used to evaluate the transport
mechanism. When the chain relaxation exceeds the solvent diffusion
rate (n = 0.5), the transport is referred to as Fickian. When » equals 1,
the transport is referred to as non-Fickian, meaning solvent penetration
exceeds chain relaxation. The conveyance is considered anomalous if
the value falls between 0.5 and 1. Table 4.11 presents the results of the
linear regression analysis of log (Q¢/Q«) against the log t plot, which
was used to determine # and k values for the NR-Neat and NR-PUW

composites.

According to the data, the values of » 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 & 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 &
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 fabricated composite’s curing, mechanical, thermal,
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 E, 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 E.. 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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Mechanical, thermal and sorption studies of
natural rubber-magnesium carbonate waste
composites
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This chapter describes the fabrication and characterisation of natural rubber-
magnesium  carbonate waste  (NR-MCW)  composites. The curing,
mechanical, thermal and sorption properties of the NR-MCW composites
have been investigated and described. The experimental Young's modulus
values were validated using Einstein and Guth models. Model-free methods
like Flynn-Wall-Ozawa (FWWO), Kissinger-Akahira-Sunose (KAS), Tang,
and Starink were used to examine the kinetics of thermal degradation of NR-
MCW  composites. Various sorption parameters and the sorption
characteristics of NR-MCW composites in different aromatic and aliphatic
solvents have also been investigated.
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5.1. Introduction

A condom is a sheath-shaped barrier device that is used during
sexual activity to reduce the chance of getting pregnant or to guard
against sexually transmitted diseases (STDs) (227). 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 2.9% in the Materials and Methods section describes the
NR compounding, and Table 5.1 shows the sample designation and
formulation of NR-MCW composites. Rheological, mechanical,
thermal, and sorption experiments were done on the fabricated
composites. Validation studies were also conducted using established
theoretical modelling on the Young's modulus results. Several model-
free methodologies were used to study the thermal degradation

dynamics of NR-MCW composites.

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

Sample designation NR MCW
NR-Neat 100 0
NR-MCW1 100 1
NR-MCW2 100 2
NR-MCW3 100 3
NR-MCW4 100 4
NR-MCW5 100 5

*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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5.2. Results & Discussion

5.2.1. Attenuated total reflectance-Fourier Transform infrared

spectroscopic analysis of NR-MCW composites

The ATR-FTIR spectra of the NR-Neat and NR-MCW
composites are presented in Figure 5.1. Table 5.2 lists the prominent
peaks that were obtained. In contrast to NR-Neat, NR-MCW

composites had peaks associated with the symmetric deformation

vibration of C-O and COs%.

Table 5.2. Prominent peaks in the ATR-FTIR spectra

Band position

(em™) Assignment
2995 CH stretching vibrations in NR (symmetric and
asymmetric)
2910 CHa 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 COs3 symmetric deformation vibration (absent in NR)
(228)
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Figure 5.1. ATR-FTIR spectra of NR-Neat and NR-MCW composites
5.2.2. 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

5.2.3. Cure characteristics of NR-MCW composites

The effect of MCW loading on the cure characteristics of NR is
described in Table 5.3.
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Table 5.3. NR-MCW composite's curing properties

Cure NR- NR- NR- NR- NR- NR-
characteristics Neat MCW1 MCW2 MCW3 MCW4 MCWS5S

Cure time, too

i 418 4.12 4.07 3.68 3.87 3.93
(min)

Scorch time, ts,

. 2.15 237 2.24 1.95 1.99 2.27
(min)

Minimum

torque, ML 6 6.5 7.8 6.3 7.6 6.6
(dNm)

Maximum

torque My 72.9 74.1 76 78.6 75.8 76.3
(dNm)

Mu-ML (dNm) 669  67.6 68.2 72.3 68.2 69.7

Cure rate index

- ) 49.26 57.14 5464 57.80 53.19 60.24
(min

The MCW3 composite's cure time is reduced by 12 %, and all
other composites also showed a significant reduction, demonstrating
the filler's co-curing activity. The degree of curing is measured by the
cure rate index (CRI), and NR-MCW composites have a higher CRI
than NR, suggesting that the fabrication of composites is more feasible.
All the composite's scorch times are nearly identical, while the NR-
MCW3 composite showed the smallest value. With the addition of the
filler, the My and My values increased, indicating a decrease in the
mobility of the macromolecular chains in NR (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 (Mu-Myp) (231).
5.2.4. Mechanical properties of NR-MCW composites

Table 5.4 provides a summary of the mechanical property

values for NR-MCW composites.

The concept that NR becomes more elastic with the addition of
MCW is supported by the stress-strain graphs of NR-MCW
composites, which are displayed in Figure 5.3. This is explained by
improved matrix-filler adhesion, which raises the stress required for

the composite to rupture (206).
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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. The NR-MCW composite’s
tear strength increased up to 3 phr MCW (20 % increase) addition and
steadily decreased with further addition. 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-MCW?3 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

A material's stiffness degree is gauged by its Young's modulus
(elastic modulus). Although many composites have anisotropy, the
elastic modulus is constant in all directions for an isotropic material.
Guth revised the equation that Einstein had proposed based on the
assumption that spherical filler particles are rigid (127,128). Figure 5.4
shows the correlation between the experimental elastic modulus results

with Einstein and Guth's model.
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Figure 5.4. Experimental and theoretical Young's moduli comparison

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.

5.2.6. Thermogravimetric analysis of NR and NR-MCW

composites

The thermal profiles of the NR-Neat and NR-MCW composites
at various filler loadings are displayed in Figure 5.5. Table 5.5 gives
the E, for decomposition, amount of residue at 600 °C, highest thermal
decomposition temperature (Tmax) and onset decomposition

temperature (T5).
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Figure 5.5. TGA curves of NR and NR-MCW composites
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Table 5.5. Thermal degradation characteristics of NR-MCW
composites

Properties NR- NR- NR- NR- NR- NR-
P Neat MCWI1 MCW2 MCW3 MCW4 MCWS5
Onset

decomposition 4,05 1059 3599 3322 3305  327.1
temperature, T;

(°C)

Maximum

decomposition 372 3735 3746 3758 3752 3741
temperature,

Tmax (OC)

Residue at 600

°C (%) 486 552 604 706 623 690

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).
5.2.7. 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, E. 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 E, values obtained in
all four models employed, possibly due to the difference in
approximations of the models. Table 5.6 provides the calculated E, for

each conversion based on the generated graphs.

NR-Neat NR-MCW3
1.3 1 P 4 ey A @ 134 ¥ =
\
\ |
1.2 4 \\ 1.2 4 \.
4 hd § (
\ \
I 1.1 \
? 1.1+ \\. ¢=>. \
- H.l\ - 01
e 02| 1.0 4 : ::: k‘
4 A 03 . < 2
R £ p
mils b ® 05 |
g ) 094 < o |
> 07 | > o1 ¥
091 & os | £
* 09 ¥ » " v i
T T T T T T 0.8 T - . . -
1.35 140 145 150 155 160 1.65 170 1.35 1.40 1.45 1.50 1.55 1.60 1.65

-1
1000/T (K™%) 1000/T (K™

Figure 5.6. Kinetic plots of NR-Neat and NR-MCW3 by FWO method
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Studies of NR-MCW composites

The lower initial E, values suggest that weak link initiation
limits the kinetics of the early stages of degradation. The increased E,
values obtained in the latter phases suggest that random scission-
induced degradation further suppresses the composite’s ability to
degrade. Similar outcomes were previously reported (215,216). All
composites exhibited higher E. values for thermal degradation than
NR-Neat up to 3 phr addition of MCW, indicating improved thermal
stability. Due to the mobility restriction of the polymer chains with a
higher MCW content, the composites may have higher E, values. It
was shown that filler aggregation caused the E, values of the
composites to drop above 3 phr MCW addition. The four kinetic
model's E, values agree with one another, proving the usefulness of

these methods for studying thermal deterioration.
5.2.8. Activation energy dependency on degree of conversion

Isoconversional kinetic analysis is used to predict the kinetics
and mechanism of a thermally driven process by analysing how
activation energy (E.) depends on the degree of conversion (a). The
changes in E, values suggest multistep processes, each contributing
equally to the overall rate, according to Vyazovkin et al. (217). The E,
for different conversion rates for NR-Neat and NR-MCW3 against a is
depicted in Figure 5.10.

149



Studies of NR-MCW composites

310
w0{ @ NR-Neat (b) NR-MCW3
b3 3001 7
" FWO ¥
180 4 ® Kas 290 4 :
A TANG - b_““
£ TARIN o~ o KaS
s ¥ STARINK S 28070 & TANG 5
= 1604 P 2 L v STARINK
< . < 270 &
=) 4 d i i i
140 4 F 260
j =
z w0 B
120 4 i
. - - . 240 : - r ,
0.0 02 0.4 0.6 0.8 10 0.0 0.2 04 06 08 1.0
a

Figure 5.10. Variation of E, with o for (a) NR-Neat and (b) NR-
MCW3

Figure 5.10 (a) shows how E; values gradually rise by up to 0.8
in the case of NR-neat. Then, in the latter phases, it displays a falling
pattern, signifying that degradation has ended. Interestingly, the NR-
MCW composites show an unusual association with a, and Figure 5.10
(b) shows a typical plot of NR-MCW3. Composites showed higher
thermal stability since their E, values are higher than NR-Neat's. The
Ea values rise until they reach a value of 0.6 before declining. The
complex reaction steps in the degradation reaction are illustrated by the
variance in Ea seen for the composites at increased conversion,
providing insight into the multistep reaction pathway (218). According
to the above data, all four model-free approaches provided E. values
that were quite near to one another across the whole conversion range
under consideration. It is, therefore, possible to suggest
isoconversional models as a reliable tool for predicting the kinetics of

heat degradation of various NR composites.
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5.2.9. Sorption properties of NR-MCW composites

Molecular transport phenomena through polymeric systems are
significant in many industrial sectors and influence many engineering
fields (235). The wvarious sorption properties and parameters
determined are given below. The solvents employed for the study

include toluene, xylene, mesitylene and hexane.
5.2.9.1. Mol % uptake of solvents

Equation (2.21) is used to calculate the Q¢ % of solvent
diffusion through various composites. A plot was made between the
solvent's Q% and the square root of time. All of the curves in different
solvents are comparable, and Figure 5.11 shows a plot typical for

toluene.

—=— NR-Neat
—e— NR-MCW1
—4— NR-MCW2

Q, (mol %)
7

0.5 —v— NR-MCW3

+— NR-MCW4

o0f 4 - NRMCWS
-0.5 T T T

-10 0 10 20 30 40 50 60 70

time'? (min)

Figure 5.11. Mol % uptake of toluene through different NR-MCW
composites at 30 °C
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5.2.9.2. Effect of filler loading

Since the penetrant concentration gradient in the composite is
quite large, it can be seen from Figure 5.11 that the solvent uptake
initially continues at a relatively high pace. When the concentration
gradient of the penetrant molecules is lowered, the rate of solvent
uptake falls and reaches an equilibrium plateau. The observations
mentioned above also make it evident that, as filler loading rises,
solvent consumption first declines until 3 phr MCW, which begins to
increase. This can be explained by the fact that reinforcing, resulting
from a strong filler-polymer interaction, limits the mobility of the
polymer following vulcanisation, making the polymer chains less
flexible and reducing sorption behaviour up to 3 phr loading. Further
filler addition causes agglomeration, which leaves gaps in the system

that the solvent may easily penetrate.

The surface area of the reinforcing phase is increased by the
nanofiller's effective dispersion within the matrix, greatly enhancing
the nanocomposite's solvent resistance properties. The higher
dispersion of MCW up to 3 phr loading is supported by FESEM
images in Figure 5.2, as is the aggregation of filler beyond 3 phr. The
free volume within the polymer matrix affects how easily solvent
molecules diffuse across the polymer membrane. Nanofillers reduce
the matrix's free volume, resulting in less equilibrium solvent uptake.
The decline in solvent uptake in the filled systems can be explicated by
the tortuous nature of the channel and the smaller transport area in the

polymeric membrane when fillers are present (222).
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5.2.9.3. Effect of penetrant size

Investigations are made into the composite's transport
characteristics in aromatic and aliphatic solvents. Figure 5.12 shows

the results for aromatic solvents: toluene > xylene > mesitylene.

Q, (mol %)
n

~—#—Toluene

—— Xylene

—&— Mesitylene

1/2

time "* (min)

Figure 5.12. Solvent uptake of NR-MCW3 composite in various
solvents

The equilibrium mol % (Qx) values of the NR-Neat and NR-
MCW composites in different aromatic solvents and hexane are listed
in Table 5.7. Even if the difference in the Hildebrand solubility
parameter (8) for aromatic solvents is lower, the bigger size of xylene
and mesitylene and the steric factor restrict their penetration. Free
volume theory can account for the reported drop in diffusivity as the
penetrant's size increases (221,236). According to the free volume

hypothesis, how easily polymer chains swap places with solvent
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molecules significantly influences a molecule's diffusion rate. Solvent
uptake is reduced when penetrant size increases because the ease of
exchange reduces, particularly for most matrices. Low solvent
absorption is also due to the big penetrant molecule's high activation
energy requirement (237). When dealing with aliphatic liquids, the Qw«
decreases as the alkyl chain’s molar volume and chain length. The
diffusion results for hexane show that aliphatic solvents have lower
solvent diffusion values than aromatic solvents due to their higher

molar volumes (238).

Table 5.7. NR-MCW composite’s Q- values for different solvents

Sample Q= (mol %)

v 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-MCWS5 3.3794 3.0905 2.7812 1.4492

5.2.9.4. Effect of temperature

Sorption tests in toluene were done at 4 °C, 30 °C, and 50 °C,
respectively, to investigate the impact of temperature on the diffusion
of solvents in the NR-MCW composites. Figure 5.13 demonstrates
how the diffusion and solvent uptake rate increases as temperature

rises because solvent molecules may diffuse more quickly at higher
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temperatures due to the increased thermal energy. The solvent
molecules become less viscous as the temperature increases, promoting
the polymer segment’s mobility. The increase in free volume within
the matrix and the high rate of solvent diffusion are caused by the
weakening of filler matrix adhesion and the creation of voids induced
by the activation of diffusion with a temperature rise. The degree to
which temperature increase activates the diffusion process and the
temperature dependency of the transport parameters are demonstrated
by the slope of the linear section of the curves at different
temperatures. Similar patterns of an increase in the rate of solvent

sorption with temperature have already been described (239,240).

3.5 1

3.0 1

2.54
2.0 1

1.5 1

Q, (mol %)

1.0 4

-10 0 10 20 30 40 50 60 70 80

time'? (min)

Figure 5.13. Mol % uptake of NR-MCW3 composite at various
temperatures
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5.2.10. Swelling index and crosslink density

In vulcanised composites, chemical crosslinks and rubber-filler
interactions influence crosslink density (241). Table 5.8 shows the
swelling index and crosslink density of the NR-MCW composites.
According to the results, the solvent uptake regularly decreased up to 3
phr loading of MCW, and on further addition, the swelling index
values slightly increased. The decrease in solvent uptake may be due to
the improved matrix-filler interaction and fine dispersion of MCW up
to 3 phr loading, and this uniform distribution of filler prevents solvent
molecules from moving on NR. The further addition of MCW induces
agglomeration, creating open spaces in the matrix that aid in solvent

uptake.

Table 5.8. Crosslink density and swelling index values of NR-MCW
composites

Sample’s name Cioi;l_i“nk denjity Swellh:g index
(molg™) (%)
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-MCWS5 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.

The values of coefficients of D, S, and P in toluene at various
temperatures for NR-MCW composites are displayed in Table 5.10.
The table shows that the diffusion rate rises as the temperature rises.
The higher thermal energy produced by the temperature increase

activates the diffusing molecules.
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5.2.12. Activation energy of diffusion and permeation

The activation energy for the diffusion (Ep) and permeation
(Ep) processes can be determined using Equation (2.30) and the
temperature dependence of the transport coefficients (P, D, and S).
With correlation values of 0.97 to 0.99, linear regression analysis can
be used for Arrhenius plots of log D vs 1/T and log P vs 1/T to find Ep
and Ep. Table 5.11 lists the NR-MCW composite's estimated Ep and Ep
values in toluene. Table 5.10 also includes the heat of sorption (AH),

calculated using Equation (2.31).

Table 5.11. Values of Ep and Ep for toluene

Sample Ep (kJmol™) Epr (kJmol!) AH (kJmol™)
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-MCWS5 9.97 13.01 3.04

It is evident from Table 5.11 that MCW-filled composites have
a higher Ep than NR-Neat. A penetrant molecule can be imagined
making a series of hops across a pile of tangled polymer chains and
voids as it diffuses into a rubbery matrix. Thermal turbulence causes
the cavities to reform and vanish continuously [238]. The migration of
the penetrant molecule between cavities is influenced by a
concentration gradient, which causes the overall diffusion process. For

each jump, rubber-rubber and rubber-penetrant contacts must be
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broken for the surrounding chains to rearrange and let the diffusing
molecules pass. The energy required and the degree of this
rearrangement are determined by the rubber's segmental mobility. The
inclusion of filler reduces the rubber molecule’s freedom of movement,
which explains why the activation energy has increased (242). Table
5.11 shows the increase in E, for diffusion up to 3 phr filler loading
and a decreasing trend after 3 phr due to filler agglomeration that
creates open spaces for the simple passage of penetrant molecules.
Positive values of AH indicate that the process is endothermic, which
supports the increase in diffusion rate and maximal solvent uptake with

temperature [32].
5.2.13. Mode of transport

Equation (2.29) can be used to evaluate the transport
mechanism. When n = 0.5, where chain relaxation outpaces solvent
diffusion rate, the transport is referred to as Fickian. When n = 1, the
transport is referred to as non-Fickian, and solvent penetration
outpaces chain relaxation. The conveyance is considered anomalous if
the value is between 0.5 and 1. The values of » and & for NR-Neat and
NR-MCW composites were found using the results of the linear
regression analysis of log (Qv/Qwx) against log t plot, as indicated in
Table 5.12.
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Table 5.12. NR-MCW composites: » and k values in different
solvents

n k
@ = @ =
2] L L %} 5 L
| 2z % EF iz §
= =
NR-Neat 0.48 0.52 0.51 0.61 0.38 0.27 030 0.28
NR-MCWI1 0.55 0.49 0.55 0.60 0.30 0.27 0.30 0.29

NR-MCW2 054 047 0.59 0.62 0.31 033 025 0.29
NR-MCW3 0.55 049 0.54 0.62 0.32 033 0.28 0.30
NR-MCW4 057 0.52 0.53 0.59 0.30 0.29 0.27 0.32
NR-MCW5 058 047 0.57 0.58 0.29 033 028 0.27

It is evident from the preceding table that xylene has » values
that exhibit Fickian behaviour, but toluene, mesitylene, and hexane
exhibit anomalous transport. There is no connection between the filler's
composition and the » values. The values of & provide insight into the
nature of the solvent-polymer interaction. The similarity of the & values
found for different composites in the various solvents may indicate that

the rubber composites and solvents interact similarly.
5.3. Conclusion

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 E, values for
the thermal degradation of NR-Neat and the composites. During the
thermal decomposition, these isoconversional models successfully
forecasted E. 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 E. 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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Chapter 6
Mechanical, thermal and sorption studies of
natural rubber-sodium sulphate waste
composites
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This chapter explains the fabrication and characterisation of the natural
rubber-sodium sulphate waste (NR-SSW) composites. The rheological,
mechanical, thermal and sorption properties of the fabricated NR-SSW
composites have been discussed. Information on modelling studies of tensile
strength by the established models like Nicolais-Narkis (N-N), Lu, and
Turcsanyi-Pukanszky-Tiidos (T-P-T) has been provided. The kinetics of
thermal degradation of NR-SSW composites have been studied by employing
the model-free isoconversional methods, namely, Flynn-Wall-Ozawa (FWWO),
Kissinger-Akahira-Sunose (KAS), Tang, and Starink methods. Various
sorption parameters and the sorption characteristics of NR-SSWV composites
in different solvents have been investigated.
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6.1. Introduction

Environmental degradation is the primary issue brought on by
fast urbanisation, industrialisation, and increased living standards. Any
undesired solids, liquids, gases, or combinations released or expelled
from an industrial operation are considered industrial waste. Due to
their toxicity and environmental burden, industrial waste is one of the
most significant issues all nations must deal with (243,244). Industrial
waste can contaminate the groundwater, the air, and the land and can
be defined as waste produced during various stages of industrial
production. Industrial solid waste covers all forms of industrial waste,
including recyclable, non-recyclable, reusable, and hazardous waste
(245). Despite the measures adopted to manage and control industrial
solid waste, there is a significant growth in its production.
Consequently, the production of solid waste in industries has drawn a
lot of attention, and the need to control it has led to the emergence of
an active study field that brings together experts in chemical,

environmental, and civil engineering.

Lapis lazuli is a semi-precious stone containing ultramarine
blue pigment (sodium-alumino-silicate). It is a non-toxic, highly stable
optical brightener and tinting agent and does not stain fabric.
Extremely high concentrations of soluble inorganic salts, principally
sodium salts and particularly sulphate, are present in the wastewater
produced during the filtration of ultramarine blue slurry. Treatment of
industrial effluents is significantly hampered and threatened by the
presence of sulphate ions. It has been noted that sulphate consumption

can have a laxative effect. Sulphate-rich irrigation water has the

165



Studies of NR-SSW composites

potential to produce harmless white spots on tree leaves and fruits.
Ultramarine and Pigments Ltd., Chennai, Tamil Nadu, the leading
producer of inorganic pigments and surfactants, provided the recovered

SSW.

As explained in section 2.1.4, SSW was collected, other
impurities were removed, and it was used as a reinforcing filler in NR
after being properly characterised using various analytical techniques.
Table 2.9" of the Materials and Methods section discusses the general
rubber compounding, and the sample designation and formulation of
NR-SSW composites are given in Table 6.1. The fabricated composites
were analysed for their rheological, mechanical, thermal and sorption
properties. The experimental tensile strength results were also
validated wusing well-established theoretical modelling methods.
Various model-free methods were employed to examine the

degradation dynamics of NR-SSW composites.

Table 6.1. Sample designation and formulation of SSW-filled NR
composites

Sample designation NR SSw
NR-Neat 100 0
NR-SSW2.5 100 2.5
NR-SSW5 100 5
NR-SSW7.5 100 7.5
NR-SSW10 100 10

*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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6.2. Results & Discussion

6.2.1. Attenuated total reflectance-Fourier Transform infra-red

spectroscopic analysis

The ATR-FTIR spectra of the NR-Neat and NR-SSW
composites are shown in Figure 6.1, and Table 6.2 shows the obtained
peaks. A unique peak of the SO4* group in the composite’s FTIR
spectra and the lack of notable changes in peak positions rule out the

possibility of chemical interactions between the functional groups in

NR and SSW throughout the curing process (246).

Table 6.2. Prominent peaks in the ATR-FTIR spectra

Band

position Assignment

(em™)

2960 Stretching vibrations (symmetric and asymmetric) of
the CH group

2911 stretching vibrations (symmetric and asymmetric) of
the CH> group

2840 stretching vibrations (symmetric and asymmetric) of
the CH3 group

831 Isoprene functional group (247)

1363 Symmetric vibration of CH3 in NR (202)

1448 Symmetric vibration of CH; in NR (248)

1115-1035 Symmetric and asymmetric stretching vibrations of the
S04 group (249)

616 Asymmetric bending vibrations of the SO4* group

(250)
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Figure 6.1. ATR-FTIR spectra of NR-Neat and NR-SSW composites
6.2.2. Surface morphology of NR and NR-SSW composites

Figures 6.2 (a) to (d) depict the surface morphology of NR-
SSW composites with 2.5, 5, 7.5, and 10 phr SSW as determined by
FESEM analysis. The stress-fractured surfaces of composites with
different SSW loading were scanned to study the distribution of SSW
on the NR matrix. The well-ordered distribution of SSW on lower filler
loading is depicted in Figure 6.2 (a). Figures 6.2 (b) and (c)
demonstrate the uniform distribution of SSW particles over the surface
of the NR matrix without any chance of agglomeration up to 7.5 phr
filler loading. However, Figure 6.2 (d) demonstrates that when the
SSW loading surpasses 7.5 phr, the larger agglomerated SSW particles

show less interaction between the matrix and filler.
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Figure 6.2. FESEM images of (a) NR-SSW2.5, (b) NR-SSWS5, (c) NR-
SSW7.5 and (d) NR-SSW10

6.2.3. Cure properties of NR-SSW composites

Table 6.3 illustrates the values of cure properties of NR-SSW

composites.

Table 6.3. Cure properties of NR-SSW composites

Cure NR- NR- NR- NR- NR-
characteristics Neat SSW2.5 SSWS5 SSW7.5 SSWI10
Cure time, too (min) 4.18 4.16 4.10 3.87 3.15
Scorch time t,; (min)  2.15 2.25 2.21 2.06 1.88
Minimum torque,

M. (dNm) 6 54 6.4 6 5.5
Maximum torque,

M (dNm) 72.9 68.8 70.4 75.2 78.6

Mu-ML (dNm) 66.9 63.4 64 69.2 73.1

Cure rate index 4926 5235 5025 5525  78.74
(min™)
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It is clear from the table that the optimum cure time (too) and
scorch time decrease with an increase in SSW loading, proving that
SSW is accelerating the curing of NR. The maximum torque value
(Mmn), representing the composite's stiffness, constantly increased with
filler content. This can be explained by the fact that adding SSW
reduces the mobility of polymer chains (251). Additionally, the torque
difference (Mu-Myp) shows the quantity of cross-linkages that occur
and is correlated with the compound's shear modulus, which rose with
the amount of SSW. SSW's capacity to act as an accelerator in the
curing of NR was further demonstrated by the rise in the cure rate

index (CRI), which measures the curing rate upon adding filler (252).
6.2.4. Mechanical properties of NR-SSW composites

Figure 6.3 displays the graphs of stress and strain for NR-SSW
composites. Composites with a filler loading of 7.5 phr, SSW showed
the highest stress, proving its ability to withstand maximum strain

because of the enhanced interaction of the matrix and filler (206).
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Figure 6.3. Stress-strain curves of NR-SSW composites

The tensile strength of NR-SSW composites increases by 9 %
when 7.5 phr SSW is added; nevertheless, as filler loading increases,
the strength rapidly decreases, as seen in the example of PU foam
strengthened with nanosized zinc oxide (207). The reduction in tensile
strength with increasing SSW loading was caused by the creation of
filler aggregates, which led to an uneven distribution of filler in NR.
NR-SSW interactions are inhibited, while filler interactions are
promoted when SSW volume exceeds its percolation threshold. At
higher filler loading, SSW-SSW interactions did not allow for stress
transfer through the composites (208).

After adding SSW, the elongation at break showed a significant
decrease compared to that of NR-Neat. This reduction in elongation at
break could be brought on by SSW limiting the free movement of
molecular chains in the NR (209). The modulus at 300 % elongation
rises steadily to a filler loading of 7.5 phr (26 % increase for 7.5 phr

SSW) and starts to decline on increasing SSW content due to filler
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agglomeration. Young's modulus also exhibited the same pattern as the
modulus at 300 % elongation. The tear strength showed a 14 %
increase for 7.5 phr SSW loaded composite and gradually decreased on
further addition due to poor dispersion of filler on NR and aggregation
of SSW particles. Similar behaviour was shown in other systems, such
as ENR and NR, reinforced with carbon black and calcium carbonate
(210). Composite with 7.5 phr SSW showed minimum abrasion loss
due to the better matrix-filler interaction (69). Heat build-up of NR-
SSW composites increased progressively up to 7.5 phr filler loading
before increasing sharply with further addition. An important factor
affecting rubber material's performance, mainly when used in tyres and
subjected to frequent abrasion, is the abrasion resistance index (ARI),
which was evaluated to examine the durability towards abrasion. When
a product is resistant to abrasion, it can withstand erosion brought on
by rubbing, scraping, and other forms of mechanical wear. As a result,
the substance is able to maintain its shape and integrity. This can be
significant when a material's shape is essential to its ability to perform,
as with precisely machined moving parts designed for maximum
efficiency. When wearing becomes a problem, abrasion-resistant
materials can be employed for moving and fixed elements (253,254).
The NR-SSW7.5 composite had the highest ARI value, indicating its
higher abrasion resistance property. The relevance of this improvement
in abrasion resistance has already been described (255,256). The

values of various mechanical parameters are provided in Table 6.4.
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6.2.5. Theoretical modelling of tensile strength of NR-SSW

composites

The tensile strength of NR-SSW composites was confirmed
using several theoretical modelling techniques, which also helped to
establish the interaction between the matrix and filler at the interface.
The mechanical properties of a composite are influenced by its filler
content, filler distribution, filler morphology, and interaction with the
matrix. In this work, three theoretical models, namely, Nicolais-Narkis
(N-N) (123), Lu (124), and Turcsanyi-Pukanszky-Tiidos (T-P-T) (125),
applied at various B values of 0, 1, 2, 3, 4, and 5, were used to predict
the tensile strength of the composites. The experimental tensile
strength values of the NR-SSW composites were more closely matched
to those predicted by T-P-T models with B values above 3. Salam and
Dong looked at these models and discovered that a B value above 3
indicates improved matrix-filler interfacial bonding (126). Based on
the interfacial parameters of rigid filler-polymer composites, these
models are frequently used to forecast the tensile strength of the
materials. The values of tensile strength calculated with these three
theoretical models and those obtained empirically are shown in Figure

6.4.
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Figure 6.4. Tensile strength comparison between experimental results
with theoretical models

The experimental results are consistent with the T-P-T model's
(B = 5) better matrix-filler adhesion assumption up to 7.5 phr loading,
as shown in Figure 6.4. The close agreement between experimental
data and the T-P-T model suggests that the filler-matrix interfacial
bonding of NR-SSW composites was better, resulting in efficient filler-
matrix load transmission and a high reinforcing effect. Other models,
such as the N-N, Lu, and T-P-T models with a B value below 3,
underestimated the experimental tensile strength results. These models
do not consider the filler-matrix adhesion and assume only weak

interfacial bonding with no reinforcing effect.
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Figure 6.5. T-P-T model comparison of experimental tensile strength
as a function of various B values

The T-P-T model is shown in Figure 6.5 at B values of 0, 1, 2,
3, 4, and 5. Matrix-filler interfacial bonding improves when B values
exceed 3 (212). The experimental findings are compatible with the
T-P-T model's prediction up to 7.5 phr SSW loading by using B value
5. The observed values differ from the expected values as the filler
load rises. They align with predictions made using B values of 0 or 1,
which assume a minimal interaction between the matrix filler and the
interfacial medium. Table 6.5 shows the B values derived from the

T-P-T model equation [Equation (2.7)] for NR-SSW composites.
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Table 6.5. B values of NR-SSW composites

Composites NR- NR- NR- NR-
P SSW2.5 SSW5 SSW7.5  SSW10

T-P-T model's

interaction parameter 1.43 3.93 5.84 3.44

(B)

It is evident from the above table that all composites had B
values over 3, suggesting high filler-matrix adhesion and compatibility,
except composite with filler content 2.5 phr SSW. NR-SSW7.5
composite displayed a higher B value and tensile strength, indicating
improved filler-matrix adhesion (213). The theoretical prediction
graphs for loading SSW up to 7.5 phr show higher matrix-filler
adhesion and uniform SSW distribution on NR. The matrix filler
adhesion collapses under increased loading. This may be because, with
higher filler loading, cohesive contact between the filler and the filler

outweighs adhesive interaction between the matrix and the filler.
6.2.6. Thermogravimetric analysis of NR and NR-SSW composites

TGA is used to examine the thermal behaviour of NR-Neat and
NR-SSW composites at different filler loadings (Figure 6.6). As may
be observed, there is just one stage of degradation for all composites.
Table 6.6 gives the maximal thermal decomposition temperature
(Tmax), the amount of residue at 600 °C, and the initial decomposition

temperature (Tj).
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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

NR- NR- NR- NR- NR-

Properties Neat SSW2.5 SSW5 SSW7.5 SSW10

Onset decomposition

temperature, T; (°C) 326.7 326.8 3282 3315 333.6

Maximum
decomposition 372 3732 3759 3774 379.3
temperature, Tmax (°C)

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). E. 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 E, values. Table 6.7 lists the computed E, for

each conversion based on the presented graphs.
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Figure 6.7. Kinetic plots of NR-Neat and NR-SSW10 by FWO method
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Figure 6.8. Kinetic plots of NR-Neat and NR-SSW10 by KAS method
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The initial lower E, values indicate that the breaking of weak
linkages in the composites restricts the kinetics of the primary stages of
degradation. The higher activation energy values observed during the
later stages suggest that degradation of composites becomes relatively
constrained and was further propagated by random scission of bonds
and have already been reported (215,216). The variation of E, values
with different degrees of conversion illustrates the occurrence of
parallel, consecutive, and irreversible reactions in the thermal
degradation process. After adding SSW, all composites showed
improved thermal stability with higher E. values for thermal
degradation than NR-Neat. Due to the mobility constraint of the
polymer chains with increasing SSW content, E, values for the NR-
SSW composites may increase. The excellent agreement among the E,
values of the four kinetic models shows how these methods can be

applied to study the thermal degradation of various composites.
6.2.8. Activation energy dependency on degree of conversion

The dependency of activation energy (E.) on the degree of
conversion (a) 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
E. with conversion. Vyazovkin et al. stated that the change of E.
indicates that the process is divided into several phases, each
contributing equally to the total rate (217). Figure 6.11 illustrates how
E. changes with conversion for NR neat and NR-SSW10 composites.
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Figure 6.11. Variation of E, with o for (a) NR-Neat and (b) NR-
SSW10

As can be observed in Figure 6.10 (a), Ea steadily rises for NR-
Neat up to a = 0.8 before declining at the end of the reaction. Each
composite showed higher E, than neat, and Figure 6.10 (b) shows an
example of an NR-SSW10 plot. The variation of E, for composite is
not uniform; it first increases up to a = 0.5 and then declines sharply at
later conversion stages. The E. variation with conversion suggests a
complicated, multistep breakdown of the reaction process. All the
methods employed showed slight variation in the E. due to the

different approximations employed for the temperature integral.
6.2.9. Sorption properties of NR-SSW composites

The movement of different organic solvents and gases through
polymers is crucial for many barrier applications and holds significant
technological value. The matrix, type of penetrant, temperature,
crosslink density, type of filler, interfacial adhesion between filler and
matrix, and other variables all affect the transport mechanism through

polymers (258,259). Solvents such as toluene, xylene, and mesitylene
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were employed to investigate the sorption behaviour of NR-SSW

composites.
6.2.9.1. Mol % uptake of solvents

The sorption characteristics of distinct solvents through the
composites at varying filler loading were ascertained and shown as the
solvent's molar percentage absorption (Q; %) per gram. Equation (2.21)
is used to calculate it. Q% is used to plot the sorption curves against
the square root of time. Figure 6.12 displays a typical plot of sorption

curves in toluene. All sorption curves in different solvents exhibit the

same trend.
3.0
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Figure 6.12. Mol % uptake of toluene through different NR-SSW
composites at 30 °C

186



Studies of NR-SSW composites

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 (Q¢) 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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6.2.9.3. Effect of penetrant size

The order of the results, depicted in Figure 6.13, is toluene >
xylene > mesitylene regarding the transport properties of NR-SSW

composites in aromatic solvents.
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Figure 6.13. Solvent uptake of NR-SSW7.5 composite in various
solvents

As penetrant size increases, the composite's Q¢ % values start to
decline. Numerous researches have observed that diffusivity decreases
when penetrant size increases (143,261). Free volume theory explains
this pattern, stating that the ease with which solvent molecules and
polymer chains interchange locations determines the diffusion rate.
Solubility decreases as exchange becomes more difficult due to
increased molar volume or penetrant size. Moreover, larger activation
energies are needed for the diffusion of bigger molecules (262). The

equilibrium mol % (Qx) values of the NR-Neat and NR-SSW
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composites in different aromatic solvents are listed in Table 6.8.
Mesitylene has the lowest uptake values, whereas toluene has the

greatest.

Table 6.8. NR-SSW composite’s Q- values for different solvents

Q- (mol %)
Sample 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

6.2.10. Swelling index and crosslink density

In vulcanised composites, chemical crosslinks and rubber-filler
interactions influence a special characteristic called crosslink density
(219,263). The main parameters affecting solvent transport through the
NR matrix are the polymer chain's mobility, the composite's free
volume, and the solvent's molecular size. Table 6.9 shows the swelling
index and crosslink density of the NR-SSW composites. Based on the
obtained results, the swelling index values indicated a minor rise upon
additional filler addition, and the solvent absorption exhibited a
consistent reduction upon increasing the SSW concentration up to 7.5
phr SSW. This could be because of the improved matrix-filler
relationship. The uniformly distributed SSW in NR restricts the solvent
molecule’s mobility on NR up to 7.5 phr SSW addition. After that,

SSW particles begin to agglomerate, creating open spaces in the matrix
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that aid in solvent uptake. The composite’s crosslink density peaked at
7.5 phr SSW and declined with additional filler addition because of the
decreased NR-SSW interaction and SSW aggregation at higher loading
(84). The NR-SSW composite’s tensile strength and hardness strongly

correlated with the crosslink density variation.

Table 6.9. Crosslink density and swelling index values of NR-SSW
composites

Sample's name Cioi;lin(l:nifgj;ty 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

The values of the sample’s permeation (P), sorption (S), and
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 reversed in the liquid’s molecular mass order, with

toluene being more than xylene and mesitylene. The trends in the

sorption and penetration coefficients are likewise comparable.

Table 6.10. Values of D, S, and P of NR-SSW composites in
aromatic solvents at 30 °C

Diffusion coefficient Sorpti Permeation
D) coe f(t)'ircI;ellftn(S) coefficient (P)
x 10 (em?s™) x 104 (em?s™)
o = © = o =
-5 o D L L %]
Sample § § E‘ § ; E‘ § § }
CHE S = % S = %
= = =
NR- 29.70 19.62 14.57 238 231 1.83 70.59 44.10 26.73
Neat
NR- 2443 19.20 13.06 237 232 1.89 57.99 44.65 24.77
SSW2.5
NR- 2294 1549 10.39 237 231 1.84 54.36 35.85 18.73
SSW5
NR- 21.54 10.45 10.05 224 2.18 1.80 4825 22.77 18.54
SSW7.5
NR- 22.60 10.56 11.90 232 228 1.86 52.61 24.05 21.01
SSW10
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6.2.12. Mode of transport

It is possible to assess the transport mechanism using Equation
(2.29). The solvent diffusion rate is less than the chain relaxation of the
polymer chain when n = 0.5, indicating that the transport mode is
normal Fickian. When n = 1, the transport is referred to as non-
Fickian, meaning solvent penetration exceeds chain relaxation. If the
value is in the range of 0.5 to 1, the transport is deemed anomalous.
Table 6.11 presents the results of the linear regression analysis of log
(Qv/Qw) against log t plot, which was used to determine the values of n

and k for the NR-Neat and NR-SSW composites.

Table 6.11. Values of n and k in different solvents for NR-SSW
composites

n k

Sample 2 a2 % 2 a2 %

= < < = < <
NR-Neat 048 053 0.61 038 037 030
NR-SSW2.5 045 052 0.59 033 035 0.31
NR-SSW5 050 053 0.54 035 031 0.30
NR-SSW7.5 051 050 0.57 032 029 029
NR-SSW10 047 050 0.57 037 035 0.30

According to the data, the values of » 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 E. values for the
breakdown of NR-neat and composites. These isoconversional models
helped predict changes in E, 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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Conclusions

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.

In addition to traditional filler clay, three different kinds of
industrial wastes are employed as fillers in NR. Before the composite
was prepared, the gathered wastes were made free from other materials
and characterised by various analytical techniques like FTIR, FESEM,
HRTEM, XRD, BET, DLS, HRTEM/FESEM-EDX, and TGA. NR
composites containing PUW, MCW, SSW, and NR-PUW-clay
compounds were fabricated using a two-roll mill mixing process. The
composites were characterised and underwent rheological, mechanical,

thermal, and sorption investigations. Theoretical modelling studies
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were used to validate the mechanical and thermal results. The

following lists the main findings drawn from the results obtained.

The NR-PUW composite's various mechanical characteristics
were investigated. NR-PUWS5 composite showed superior mechanical
properties because the filler was more evenly distributed throughout
the matrix, and there was greater matrix-filler interaction up to 5 phr
loading of PUW. This composite showed high stress with the most
efficient load distribution across the matrix. When compared to NR-
Neat, the tensile, tear, and modulus of NR-PUWS rose by 10 %, 2 %,
and 9 %, respectively. The FESEM images of the tensile fractured
surface provide additional proof of the fine dispersion of PUW on NR.
While Young's modulus data were compared with Einstein and Guth
models, the experimental tensile strength of NR-PUW composites was
compared with the recognised theoretical modelling techniques (N-N,
Lu, and T-P-T models). All modelling methodologies validate the

improved matrix-filler interaction up to 5 phr PUW loading.

When the mechanical characteristics of NR-MCW composites
were examined, it was discovered that the composite with 3 phr MCW
had a significant improvement over NR-Neat in terms of tear strength
(20 %), modulus at 300 % elongation (29 %), and tensile strength
(22 %). The FESEM images of surface fractured composites
demonstrated the superior distribution of MCW on NR up to 3 phr
loading. The NR-MCW3 composite's experimental Young's modulus

values strongly agreed with the Guth and Einstein models.
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The analysed mechanical properties of the NR-SSW7.5
composite revealed a significant improvement over NR-Neat, with
tensile strength and modulus increasing by 9 % and 26 %, respectively.
According to the FESEM investigation, the system exhibits filler
agglomeration at increased filler loading, which causes a reduction in
properties. As filler loading increases, the mobility of polymer chains
is restricted, resulting in a decrease in elongation at break. Similar
trends were seen in other characteristics, such as rebound resilience,
abrasion loss, and hardness. The well-known theoretical modelling
techniques (N-N, Lu, and T-P-T models) were compared with the
experimental tensile strength of NR-MCW composites. Better matrix-
filler interaction is confirmed by all modelling methodologies used up

to 7.5 phr SSW loading.

The NR-PUWS5-C10 compound showed good tensile and tear
strength after adding clay to the optimised NR-PUWS5 composite. The
characteristics remained unchanged even after increasing the amount

of clay. The mechanical features of the optimised composites are

displayed in Table 8.1.
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Conclusions

The thermal stability of all NR composites with PUW, MCW,
and SSW, as well as NR-PUW-clay compounds, was investigated
using TGA. It was discovered that all the composites and compounds
significantly  increased the onset degradation temperature,
demonstrating their greater thermal stability than NR. The thermal
stability of the produced composite is bolstered by an increase in the
final residue at the end of the reaction. Activation energy and thermal
degradation kinetics calculations at different degradation phases were
assessed utilising isoconversional model-free techniques such as FWO,
KAS, Tang, and Starink. When compared to NR-Neat, NR-PUW7.5,
NR-MCW3, and NR-SSW10 showed the highest activation energy.
The optimised composite's activation energies at 50 % conversion are

reported in Table 8.2.

Table 8.2. Activation energy of NR composites at S0 % conversion

Method Activation energy (kJmol )

* NR-Neat NR-PUW7.5 NR-MCW3 NR-SSW10
FWO 156.67 267.63 280.78 240.77
KAS 156.15 267.43 280.18 241.86
Tang 156.73 268.00 281.78 242.44
Starink 156.59 267.87 281.18 242.30

All of the applicable model’s E, values demonstrated strong
correlations with one another. As the thermal decomposition proceeds
through successive phases, the variation of E, indicates a multistep
degradation kinetics for the generated composites. NR-MCW3
composite showed the highest E, values because MCW is a nanosized

filler, allowing better matrix dispersion on NR than other fillers.
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Various aliphatic and aromatic solvents examine the fabricated
composite's sorption behaviour. It was established how temperature,
penetrant size, and filler loading affected the values of mol % uptake.
The solvent's absorption decreased with an increase in penetrant size
and filler addition till optimised composite composition. Among all the
aromatic solvents in the composites, toluene exhibited the highest
diffusion, whereas mesitylene displayed the lowest. Aliphatic solvents
dispersed more slowly than aromatic solvents. This is due to the
considerable solubility parameter variation between aromatic and
aliphatic solvents. 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. The estimated diffusion,
sorption, and penetration coefficients also showed a similar trend as
that of mol % uptake. The activation energy of diffusion was also
computed using the Arrhenius Equation. The method of transportation
was assessed based on » values. The optimised composite's sorption

characteristics in toluene were compiled in Table 8.3.

Table 8.3. Q« values of optimised composites in toluene

Sample Q- values (mol %)
NR-Neat 3.51
NR-PUW20 3.04
NR-MCW3 3.33
NR-SSW7.5 2.58
NR-PUWS5-C20 2.17
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The investigations revealed the improved qualities of NR
composites reinforced with industrial wastes. NR-PUW, NR-MCW,
NR-SSW, and NR-PUW-clay compounds demonstrated improved
mechanical, thermal, and sorption properties. Using these compounds
instead of NR would be advantageous when fabricating common
industrial rubber goods requiring high tensile strength, temperature
resistance, and solvent absorption resistance. Another significant
finding of the study is how crucial it is to reuse industrial wastes from
a circular economy perspective to reduce production costs and prevent

pollution.
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Recommendations

Industrial solid waste generation has increased dramatically in
India due to rapid industrialization following economic liberalisation.
Traditionally, industries have disposed of their waste materials into the
environment without pretreatment. This industrial pollution has
catastrophic effects on the environment, biodiversity, and public health.
To lessen the negative impacts of industrial pollution and safeguard the
delicate balance of our planet's ecosystem, we must prioritise
sustainable practices and technology. Reusing industrial wastes
assumes fundamental relevance in the era of the circular economy. A
circular economy is characterised by markets that promote product
reuse rather than discarding them and extracting new resources. All
waste materials, including old electronics, scrap metal, and abandoned
clothing, are recycled or put to better use. In addition to protecting the
environment, this can help create new industries, jobs, and skills and

better use of natural resources.

One of Kerala's most significant districts, Kozhikode, is home
to more than 150 PU-based footwear production units, each backed by
300 auxiliary facilities. Approximately 20 - 25 kg of PUW is produced
daily in a unit, posing a primary environmental concern. In a similar
vein, massive amounts of LMC, which is used as a finishing powder
during the final stages of producing condoms, are discarded by
landfills, causing water pollution. The pigment industries have a large
quantity of recovered sodium sulphate as waste while manufacturing
pigments, causing soil and water pollution. The aforementioned
industrial wastes were gathered, unwanted materials removed,

powdered and reused in NR as reinforcing fillers to investigate how
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they can improve NR's mechanical, thermal, and sorption behaviours.
The impact of clay on enhancing the above properties of NR-PUW

composites is also studied.

The fabricated composites outperformed NR in mechanical
characteristics, making them suitable for usage in various sectors
needing high tensile and tear strength and dimensional stability, such
as machinery components, footwear, and automobiles. Several
theoretical models can be used to demonstrate the extraordinary
mechanical qualities resulting from the improved adhesion between the
matrix and the filler. As a result, these composites can produce
common rubber goods like mud flaps, drive couplings, washers, anti-
vibration mounts, pad assemblies, and conveyor belts flawlessly in

place of NR due to their superior features.

The NR-industrial waste composites exhibited comparatively
high thermal stability, rendering them appropriate for manufacturing
high-temperature resistant rubber products in industries functioning at
a higher temperature. The thermal degradation studies, utilising various
model-free techniques for determining activation energy, can be

extended to establish the thermal degradation mechanism.

The fabricated composites and compounds demonstrated high
solvent resistance and have potential applications in any industry
where machine parts come in contact with liquids. The better sorption
resistance properties encourage their exploration in the design and
fabrication of rubber materials for liquid transportation and packaging

applications.
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Furthermore, this work offers insight into addressing
environmental pollution concerns and cost reduction from a circular
economy perspective by examining the possibility of reusing solid
wastes from various industries to produce inexpensive, high-
performing composites. Additionally, this method may be used to build
rubber composites with excellent performance for various industrial
applications employing different rubber systems, such as SBR, NBR,
ENR, etc.
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