Imperial College
London

The development of novel sustainable carbonaceous materials as
substitutes for carbon black in rubber-based products

Yiran Fan

A thesis submitted to Imperial College London for the degree of Doctor of Philosophy
August 2017
Department of Civil and Environmental Engineering

Faculty of Engineering

Imperial College London



Declaration of Originality

I, YIRAN FAN, confirm that the work presented in this PhD thesis is my own original work.

Signature: FAN YIRAN

Date: 16/08/2017

The copyright of this thesis rests with the author and is made available under a Creative
Commons Attribution Non-Commercial No Derivatives licence. Researchers are free to copy,
distribute or transmit the thesis on the condition that they attribute it, that they do not use it
for commercial purposes and that they do not alter, transform or build upon it. For any reuse

or redistribution, researchers must make clear to others the licence terms of this work.



Abstract

Carbon black is a commodity material which is used mostly as a reinforcing filler in rubber
and plastic production. Its manufacture is not only energy-consuming, contributes
significantly to global CO, emissions, but uses non-renewable feedstock making it
unsustainable. Given the increasing pressure against the continued use of non-renewable
sources of feedstock, there is an exciting opportunity to develop alternative materials to act as

rubber fillers for environmental and economic reasons.

This research has focused on the development of novel carbonaceous rubber fillers produced
through the pyrolysis of coconut shell and raw sewage sludge. The basic properties of
feedstock were evaluated to assess the efficacy of final filler performance; a Response
Surface Methodology was applied to model the relationship between pyrolysis conditions and
the key physical and chemical properties of the char filler and to optimise the pyrolysis
process. Feedstock were pyrolysed using a laboratory-scale furnace using various
temperatures, heating rates, holding times and atmospheres. A comparison was made between
char fillers and commercial carbon blacks to establish the optimum production conditions.
The selected char fillers were mixed with styrene-butadiene rubber and the rubber products
were evaluated for their technological performance. Therefore, a fundamental understanding
of the rubber-char filler interaction and the performance of the sustainable fillers was
developed. By-products (oil and gas) were also studied as a wider sustainability study

embedded within the research.

The coconut shell and raw sewage sludge have significant potential for use as a sustainable
feedstock for carbon black replacement in rubber manufacture. These fillers were found to
have equivalent surface area (2.9 — 318.2m?/g) to a semi-reinforcing filler and provide 52 —
59° hardness, 482 — 962% elongation at break to the rubber products. Further research has
been identified to improve post-production processing and rubber formulation which would

help further optimize and improve the product for in-rubber use.
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Chapter 1 Introduction and Literature Review

1.1 Introduction

There is a significant use of carbon black as a reinforcing material and additive in the fields
of elastomers and materials manufacture. Over 11 million tonnes of carbon black are used
every year in tyre manufacture alone. The carbon filler in rubber can make up over 30% of
the material by weight (Kiithner & Voll, 1993). The key property of carbon black fillers is the
ability to bond with the elastomer component, hence providing mechanical strength as well as

imparting durability to the materials.

The manufacturing process of carbon black requires a partial combustion of fossil-origin
hydrocarbon fuels (such as heavy oil, coal tar and natural gas etc.) under reduced oxygen
conditions. The production is not only energy intensive, but also unsustainable in the long-
term as a source of feedstock to produce carbon black. Due to the increasing demand for non-
renewable materials in industrial and manufacturing processes, coupled with the need to
reduce the release of fossil-origin carbon dioxide and the widespread recognition, that the
adoption of the circular economy model is important for the long-term development of
society; there is a major need to research and develop the potential of alternative and waste

materials to be used in polymeric products which can replace carbon black fillers.

There has been a significant shift in industrial societies through recognition of the finite
nature of materials and resources. Hence, growing focus on the treatment and disposal of
waste material is becoming a priority. A variety of legislation on waste management has been
approved by the European Union in recent decades. The waste framework directive of 1975
required Member States to manage waste by encouraging prevention and responsible disposal.
The treatment and disposal of waste materials is becoming a problem of increasing urgency
in industrialized societies (McAllister, 2015; Strange, 2002). There is no doubt that the
concern about environmental issues is gradually increasing. At the same time, environmental
issues have been constantly broadened with concepts, such as sustainable development,

which implies not only ecological, but also economic and social responsibilities.
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There is an exciting innovation opportunity to develop alternative materials to act as rubber
fillers. Recently, increasing attention has been given to “green” fillers, which come from
industrial by-products and other waste materials having potential “renewability” (Chaudhary
et al., 2004). The use of bio-based fillers would further help to reduce the dependence upon

fossil fuel and move towards a sustainable material basis for rubber filler production.

Previous work has successfully recovered carbon black from end-of-life tyres and reapplied
this material to new types of rubber filler and related materials. The aim of this research
project was to build upon previous research to develop new types of fillers for elastomers and
related materials based on the char produced during pyrolysis of biomass (coconut shell) and
raw sewage sludge derived from wastewater treatment processes, which are wholly

renewable in origin.

In this project, these two new and different materials are being considered as alternative
feedstock for carbon black-like materials as a reinforcing filler in rubber. Coconut shell, a
cellulosic and lignocellulosic waste, is available in large quantities. It has been reported that
there were about 31.2 million of tonnes coconut shell produced in 2013 (FAO, 2017). It has
relative uniformity and potential to be used as a low-cost parent material for rubber fillers.
The production of a carbon black substitute from a biodegradable waste would be beneficial
as it reduces the demand on non-renewable carbon black feedstock, such as fuel oils or
natural gas and also helps to combat global warming by converting the biodegradable waste
material into solid char, stabilising the carbon and preventing its release as CO, or methane
(CHy). It 1s also widely known that coconut shell can be used as a bio-fuel and is also a
commercial source of charcoal and activated carbon. The activated carbon made from
coconut shell is considered to be superior to those obtained from other feedstock, due to its
highly microporous and complementary mesoporous structure. In particular, the mesopores
make it potentially suitable for in-rubber applications. Research into this potential application
for coconut shell char is needed (Zhou et al., 2012; Xiong et al., 2011; Kuratani et al., 2011;
Jain & Tripathi, 2014).
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The second problematic waste material is raw sewage sludge. The treatment and safe disposal
of sewage sludge is one of the most significant challenges in wastewater management.
Without enough regard to the environmental effects, the significant amount of sludge
generated every year inevitably leads to a material with a high pollution potential. Sewage
sludge, as a high-volume, carbon rich/high organic content material, offers great promise as a
feedstock for the production of a renewable filler for application in elastomer manufacture

using a pyrolysis-based process.

With the pressures on reducing waste disposal and growing emphasis upon resource recovery,
increasing attention has been paid to reusing materials which would be otherwise discarded.
There have been several studies reported in the literature using alternative materials as fillers
in rubber materials, although most of this work has focussed on using recovered rubber,
pyrolytic rubber, or naturally occurring materials such as lignin, nut shells, egg shells, fly ash
or rice husks (Chaudhary et al., 2004; Intharapat et al., 2013; Sareena et al., 2012; Sae-oui et
al., 2009; Gopalan & Dufresne, 2003). The results show that the performance of these “green
fillers” in the rubber matrix and the production requirements has limited their application in
rubber manufacture. Only under some production conditions can comparable performance be
achieved, for example the tensile strength of a rubber material containing 20 phr (parts per
hundred of rubber) of treated rice husk ash can reach 26.0 MPa compared to 22.0 MPa
obtained by commercial carbon black N774 (Chaudhary et al., 2004). The physical properties,
such as tensile strength and modulus reported, indicate that the fillers can be grouped as semi
to non-reinforcing fillers. The key properties of interest will be discussed in more detail later
(See Section 1.4). This thesis reports for the first time an analysis of coconut shell char and

raw sewage sludge char as a novel and sustainable filler for rubber and related materials.

1.2 Global Warming and Waste Management

1.2.1 Greenhouse Gases and Global Warming

Greenhouse gases (GHGs) refer to a group of gases in the atmosphere including carbon
dioxide, water vapour, ozone and methane, which absorb infrared radiation and reflect it back

towards the surface of the planet, causing warming of the atmosphere. Life on earth cannot
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live without the energy from the sun. Although greenhouse gases only make up about 1% of

the atmosphere, they control climate by absorbing heat and holding it to the planet.

Global warming describes a rapid increase in the average surface temperature on earth over
the past century due to the greenhouse gases released by burning fossil fuels, which is a
change that may permanently affect the climate of the planet. Over the past 50 years, the
average global temperature has unusually increased at a high speed. According to the
Intergovernmental Panel on Climate Change (IPCC) fourth assessment in 2007, the linear
trend of temperature increase in 0.74 + 0.18 “C from 1906 to 2005, which has increased by
23.3% comparing to its 100-year increase from 1901 to 2000 (IPCC, 2007). However, it is
reported by experts that the trend is still accelerating, all but one of the 16 hottest years have
happened since 2000 in the NASA’s (North American Space Agency) 134-year record
(MacMillan, 2016). IPCC has also predicted that the average global temperatures could
increase between 1.4 and 5.8 °C by the year 2100. Several severe outcomes may occur from
global warming, such as rising sea levels due to the melting of the polar ice caps, as well as

storms and other negative weather events.

Global warming happens when too much carbon dioxide (CO;) and other greenhouse gases in
the atmosphere act as a blanket, absorbing solar radiation and warming the planet. These
pollutants can last for decades in the atmosphere trapping heat, so they cause the planet to
warm (Lashof & Ahuja, 1990). This is also known as the greenhouse effect, which is always
at the centre of the climate debate. The burning of fossil fuel to make electricity or for

transportation of goods is regarded as the largest sources of GHGs.

In order to reduce the GHG emissions, the Climate Change Act (2008) in the UK developed a
long-term legislative framework to reduce emissions by 34% and 80% by 2020 and 2050
respectively (IPCC, 2007). It should be noted that although much progress has been made in
enabling especially the UK and other western economies to achieve their GHG emission
targets, this has been as a result of deindustrialisation. The products and materials needed for
societal operation are now manufactured in developing economies, using the same

technologies as in the past. This means that many of the heating processes in the industrial
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sector, including both high and low temperature activities, requires attention to enable the
required emission reductions to be achieved. Thus, the research described in this thesis has

potential for application across the globe.

1.2.2 Waste Management and GHG Emission Control

In the European Union Directive 2008/98/EC on waste (2008), waste refers to any substance
or object which the holder discards or intends or is required to discard. Waste is unavoidable,
and undesirable in all human activities. Several legislative tools have been introduced to help

to manage waste by the EU and hence the UK. These are described below.

1.2.2.1 European Community (EC) Directive 1999/31/EC on the Landfill of Waste

About 28 million tonnes of municipal waste is produced in the UK every year, of which 83%
ends up in landfill. It is also reported that about 60% of the municipal waste is biodegradable,
which decays anaerobically in the landfill producing methane, a potent greenhouse gas
(DEFRA, 2011). There are also many other problems related to the landfill, such as leaching,

pests, litter and discarding of material of value.

The overall objective of the European Community (EC) Directive 1999/31/EC (1999) on the
landfill of waste was to prevent or reduce as far as possible the negative effects on the
environment and the risk to human health by setting uniform technical standards and
operational and technical requirements for the landfills. This directive also contains

requirements on the characteristics of the waste to be landfilled.

The EU Landfill Directive aims to reduce the biodegradable waste sent to landfill as 75% of
the 1995 level by 2010, 50% of the 1995 level by 2013 and 35% of the 1995 level by 2020.
For example, in the UK, 40% of household waste need to be reduced for landfill by 2020
assuming all of this is biodegradable. Due to the Packaging Directive and a new Directive on
electronic waste, it is necessary to divert other waste from landfill. These result in around 55

per cent of waste needing to be diverted from landfill by 2020 (DEFRA, 2011).
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The Government’s Waste Strategy 2000 (DETR, 2000) is the framework for England for
improving the management of waste and responding to the EU Landfill Directive. Some
actions are introduced by the strategy for reducing the dependence on landfill: (1) Greater
efforts to reduce waste, (2) Substantial increase in re-use, recycling and composting, (3)

Where waste cannot be recycled, recovery of energy from waste, through incineration.

1.2.2.2 Directive 2000/76/EC on the Incineration of Waste

The Directive 2000/76/EC on the Incineration of Waste (2000) is composed with the
objective of preventing or limiting the negative environmental effects by emissions from the
incineration and the co-incineration of waste into air, soil, surface and groundwater and the

resulting risk to human health.

The Directive describes incineration plants as plants that thermally treat wastes by oxidizing
it, with or without combustion heat recovery. It has also covers other thermal treatment
processes including pyrolysis, gasification, or plasma processes as long as the substances

obtained by these processes are subsequently incinerated.

1.2.2.3 Directive 2008/98/EC Waste and Repealing Certain Directives

Article 6 of the Directive 2008/98/EC (2008) on waste develops conditions when waste stop

being a waste after a recovery operation and meet the following requirements:
(1) “the substance or object is commonly used for specific purposes
(2) a market or demand exists for such a substance or object

(3) the substance or object fulfil the technical requirements for the specific purposes and

meets the existing legislation, and

(4) the use of the substance or object will not lead to overall adverse environmental or human

health impacts”
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1.2.2.4 Waste Hierarchy

Waste management strategies are ranked in to a hierarchy, which has been adopted and
reiterated in the Directive 2008/98/EC on waste. The waste hierarchy is shown in Figure 1-1,
which indicated the level of priority in order to deliver the best environmental outcome. Five
steps have been identified in hierarchy according to the Article 4 of Directive 2008/98/EC
(2008).

Prevention

Preparing for re-use

Figure 1-1 Waste Hierarchy (EC, 2008)

Prevention: Reducing the waste quantity before a product becomes waste, reducing the waste

quantity and the negative environmental effects and risk to human health.

Preparing for re-use: Any operation by which products or materials are used again for their

original purpose.

Recycling: Any resource recovery operation, which involves collection and treatment of

waste material for using as feedstock for producing same or another product.

Recovery: Energy recovery: any operations by which original materials can be replaced by

waste, such as gasification and pyrolysis.

Disposal: Any option which is not lead to recovery, such as landfills.

Although the hierarchy of waste management focuses on reducing the production of waste, it
is not well suited for many biomass-based wastes due to the high market demand for the

foodstuffs which result in the waste (e.g. consumption of rice producing rice husks and
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coconut flesh & oil producing shells). However, these biomasses can be efficiently used for
making carbonaceous products and generating energy. According to the hierarchy, this option
must be undertaken only when waste cannot be reduced, recycled or reused, leading to waste

biomass being a good material for application as a renewable energy source.

1.3 Sewage Sludge and its Management

Water plays a vital and crucial role for all forms of life in the world. As a result, wastewater
becomes inevitable and needs to be treated in wastewater treatment plants (WWTPs) before
being discharged into the environment preventing it from contaminating the environment and

harming lives.

After the treatment procedure, the cleaned water is discharged to the receiving water and the
majority of the residual solid from the WWTP is known as sewage sludge (sludge). Sludge
primarily consist of human faeces, toilet paper and dead microbes, and may also contain a
significant amount of pathogens, parasites and undesirable chemicals. Therefore, the
treatment of sewage sludge is one of the most significant challenges in wastewater
management. A tremendous quantity of sludge is produced in WWT process every day and it
is reported that the amount of the sludge produced has increased even more rapidly recently
(Smith et al., 2009; Laturnus et al., 2007). The estimated mass of sludge produced in the
European Union is around 60g per person-day, approximate 8.4 — 10.1 million tonnes of
dried matter per year and is predicted to reach 13 million by 2020. In the UK, more than 1.4
million dry tonnes of treated sludge is produced each year (Rio et al., 2005; Fytili &
Zabaniotou, 2008; Smith et al., 2009; Agrafioti et al., 2013; Samolada & Zabaniotou, 2014).
This huge amount of sludge unavoidably leads to a significant potential pollution load.
Therefore, the treatment of sewage sludge produced from WWTP remains an important

global issue.

1.3.1 Sludge Characteristics

Different types of sludge are produced from different individual biological wastewater

treatment processes. Figure 1-2 shows a typical wastewater treatment process. There are 5
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major steps within the WWT process: preliminary, primary, secondary, tertiary (advanced

WWT) and disinfection steps.

Grit Primary
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chamber settling hasins settling
> . . Treated
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\
\ sludge
\ 1
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‘1 : Returned activated sludge
\ 1
\ .
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solids

Figure 1-2 Typical wastewater treatment process (after Lenntech, 2017)

The sludge removed after the primary treatment is named as “primary solid” or “primary
sludge”. The sludge removed from the clarifier in the secondary treatment is called “waste
activated sludge” or “secondary sludge”, some of which is recycled back to the aeration tank
and the excess is removed for further treatment. The term sludge includes primary sludge and
secondary sludge. These sludge are combined and called undigested sludge or raw sludge.
Further treatment is needed for the undigested sludge before being reused in agriculture,

incineration or to landfill disposal (Tchobanoglous, 2003).

Water is the main component of sludge. The amount of water depends on the sludge type
(primary, secondary or tertiary sludge) and the way of stabilisation (aerobic, anaerobic). Raw
sludge usually has a water content of 93% to 99%. Therefore, a dewatering (up to about 35%

dry substance content) or drying (to over 85% dry substance content) process is necessary for

further sludge utilization.

The second main component in sewage sludge is solid matter, which is comprised of organic

and inorganic substances. The sludge after the wastewater treatment process may contain:
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Carbon (50-70 %), Oxygen (21-24%), Nitrogen (15-18%), Hydrogen (6.5-7.3%), Phosphorus
(1-1.5%) and Sulphur (0-2.4%). The composition of sludge depends on the source of
wastewater and the WWT method used in each plant. The typical compositions of sewage

sludge are shown in Table 1-1 and the typical metal content is summarised in Table 1-2.

Table 1-1 Typical composition and properties of sewage sludge (Tchobanoglous et al., 2003)

Item Untreated primary (% of TS) Digested primary (% of TS)
Range Typical Range Typical
Total dry solids 5-9 6 2-5 4
Volatile solids 60-80 65 30-60 10
Protein 20-30 25 15-20 18
Nitrogen 1.5-4 2.5 1.6-3.0 3
Phosphorous (P,0s) 0.8-2.8 1.6 1.5-4.0 2.5
Cellulose 8-15 10 8-15 10
Iron (not as sulphide) 2.0-4.0 2.5 3.0-8.0 4.0
Silica (SiO,) 15-20 - 10-20 -
pH 5.0-8.0 60 6.5-7.5 7.0
Alkalinity
500-1500 600 2500-3500 3000
(mg/L as CaCOs)
Organic acids
200-2000 500 100-600 200
(mg/L as HAc)
Energy content
23000-29000 25000 9000-14000 12000

(kJ/kg TSS)
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Table 1-2 Indicative metal content in wastewater solids (Tchobanoglous et al., 2003)

Metal Dry solids, mg/Kg
Range Medium
Arsenic 1.1-230 10
Cadmium 1 —-3410 10
Chromium 10 — 99000 500
Cobalt 11.3-2490 30
Copper 84 — 17000 800
Iron 1000 — 154000 17000
Lead 13 - 26000 500
Manganese 32-9870 260
Mercury 0.6 - 56 6
Molybdenum 0.1-214 4
Nickel 2 -5300 80
Selenium 1.7-17.2 5
Tin 2.6 -329 14
Zinc 101 — 49000 1700

As sewage sludge is held in an aqueous suspension, it may also contain a number of

microorganisms, including protozoa, bacteria, nematodes, micro fungi and algae. Within the

microbial community there is always the potential for pathogens to be incorporated, as well

as several potentially harmful or toxic elements and compounds; hence safe and effective

alternative treatment and suitable disposal methods need to be explored (Arundel, 2000).

All sewage sludge is treated before disposal by approved procedures to guarantee that

hazards are controlled and mitigated. The most common sludge treatments before further
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reuse consist of anaerobic digestion, aerobic digestion, lime stabilisation, thermal drying,
composting and sludge pasteurization (Fytili & Zabaniotou, 2008; Tchobanoglous et al.,
2003). In the UK and EU, anaerobic digestion is the most popular method, which treated 66%
of the sludge in 2010. It is regarded as the most cost-effective process among all the methods
based on the Renewable Energy Directive (2009/28/EC), due to the limited environmental

impact and high energy recovery.

1.3.2 Sludge Disposal in Practice

There are three traditional disposal routes for sludge in the UK: farmland application (80.3%),
landfill (0.7%), and incineration (18%) (Water UK, 2017). Farmland application is one of the
most common practices for decades to tackle the sludge issue in the UK and many other
countries. Approximate 150,000 hectares of farm land receives the treated sludge annually in
the UK, of which arable crop land occupied the majority. Treated sewage sludge for
agriculture is regarded as the best practicable environmental method in the EU and UK, since
the sludge can provide valuable quantities of nutrients and stable organic matter to soil
(Water UK, 2016). However, there are still a few problems which restrict the use of sewage
sludge in agriculture. The possible accumulation of undesirable chemicals such as heavy
metals, toxic organics, and pathogens can be the main concern, as they may pass along the
food chain (Arundel, 2000; Eddy et al., 2003). Many regulations and codes of practices need
to be followed for sludge to farmland application to protect human and soil health, and the
wider environment, particularly the EU Sludge Directive (1986), the Sludge (Use in
Agriculture) Regulations (1989), the Urban Waste Water Directive 91/271/EEC (1991), the
Code of Practice for the Agricultural Use of Sewage Sludge (1996), the Safe Sludge Matrix
(1998), the EC Nitrates Directive (1991), and the Biosolid Nutrient Management Matrix
(2014). Due to the inherent chemical energy lost and associated health problems, the disposal
of stabilized sewage sludge in sanitary landfills is also not ideal. Based upon the European
Landfill Directive 1999/31/EC, landfill has been generally eliminated for the increasing
disposal costs. Although incineration is helpful for sterilisation, volume reduction and
thermal efficiency improvement, it is not a practical option since the cost of the following
treatment of gases released has become even greater (Eddy et al., 2003) and the production of

furans, dioxins and heavy metals may also cause environmental concern (Shen et al., 2008).
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The above disadvantages of each disposal methods have become the motivation and limiting
factors in the development of new technologies for sewage sludge treatment. Several
techniques, such as wet oxidation, gasification and pyrolysis, have been found promising. Of
these alternate processes pyrolysis is believed as a feasible alternative method for sludge
treatment. When researching for economical and consistently available precursor feedstock,
sewage sludge is believed to have the potential as a promising material to be converted into
sustainable carbonaceous materials and energy. In the past decade, pyrolysis of sewage
sludge in an inert atmosphere at relatively low-temperatures (500°C) has been given a lot of
attention. This process involves heating the sludge in an oxygen-free atmosphere, which leads
to the production of char, oil and gases. Half the original mass of sludge can be removed
through this process. Meanwhile, pyrolysis offers the possibility of recovering the oils from
the sludge which can be eventually used as a fuel. After some treatment, the char residue can
also be reused as active carbon in industry. This conversion offers a combined benefit of
reducing the sludge mass and obtaining a valuable product at lower cost (Shen et al., 2008;
Inguanzo et al., 2002; Dominguez et al., 2005; 2006; Conesa et al., 1997; Shen & Zhang,
2005; Stuart et al., 2006).

Many papers have investigated the effects of operating parameters such as temperature and
residence time on both quality and quantity of the pyrolytic products. The yields of the
products obtained from a pyrolysis process mainly depend on the raw material decomposition
(primary reactions) and on the reactions suffered by the primary volatised components
(secondary reactions). As a result, it is important for the sewage sludge to undergo chemical
characterisation to ascertain its organic and inorganic content before pyrolysis, as this has a
direct effect on the porosity, surface chemistry of the char produced and the chemical

composition of the oils and gases (Chen et al., 2002, Shen et al. 2008).
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1.4 Carbon Black

1.4.1 Rubber

The history of processing rubber dates back to 1600 B.C. by Ancient Mesoamerican peoples,
which is about 3500 years earlier than the development of vulcanization process by Charles
Goodyear in 1839. The Mesoamerican made solid rubber balls and other rubber artefacts;

they also used liquid rubber for medicines and painting (Hosler et al., 1999; Slacks, 2002).

Natural rubber is acquired from the latex, which is an aqueous and insoluble emulsion
composed of a cis-1,4-polyisoprene phase from the rubber-producing plants (shown in Figure
1-3) (Kroschwitz et al., 1985). Given the high rubber contents and quality, the Brazilian
rubber tree (Hevea brasiliensis) is currently the only commercial sources of natural rubber
(Backhaus, 1985). The exact structure of natural rubber is still not clear, even though a lot of
research has been done (Puskas et al., 2006). Normally, natural rubber is a polymer made up

of 320 to 35,000 isoprene molecules (shown in Figure 1-4).

CIS

Figure 1-3 1-2 cis-1,4-polyisoprene (Chiang, 2013)
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Figure 1-4 Chemical structure of natural rubber. Head a and end group o are not proven
(Chiang, 2013)

Over the past century, the importance of natural rubber to human society has increased
gradually. It might not be recognized, but rubber plays an essential role in about everything
(e.g. transportation, industry, agriculture and even the kitchen and office areas) whether
directly or indirectly with long usage (Morton, 1963). Almost the whole world is dependent
on rubber and it is being used by everyone on a daily basis. There will be approximately 10.9
million tonnes of natural rubber produced in 2017, more than 90% of which is grown is Asia.

Thailand, Malaysia and Indonesia are the three largest producers (ANRPC, 2017).

Natural rubber exhibits the advantages of advanced elasticity, high strength, great toughness
and manufacturing versatility. A rubber band can be stretched to 9 or 10 times its original
length before returning to its original condition as soon as the outside pressure is released.
Similarly, a block of rubber can also be compressed, and after the load is released the block
will display its original shape and dimensions in a very short time. As to the extent to which
it can be distorted, in the rapidity of recovery and in the degree to which it recovers its
original shape and dimensions, rubber is unique. Strength and toughness are almost equal
essential properties with elasticity of rubber. The higher strength and greater toughness of
rubber provide more powerful elastic qualities in some situations where most other elastic
materials may fail. Due to these properties and its dependence on them, rubber shows

excellent resistance toward cutting, tearing and abrasion. Furthermore, this combination of
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useful physical properties is well maintained over a wide range of temperature, from low
temperatures (-40 or -45°C) to relatively high temperatures (100 or 120°C), which covers the
most commonly used range of climatic conditions. Also, rubber is relatively inert, resisting to
the deteriorating effects due to the atmosphere and many chemicals. Therefore, it has a
relatively long and useful life under a wide variety of conditions (Division, 1995). Natural
rubber is biodegradable and can be decomposed spontaneously in soil by a specific group of
microorganisms (Ikram, 2002; Ali Shah et al., 2013). The rubber products being used in real
life need to be in their vulcanised forms to be resistant to natural degradation mechanisms.
Therefore, scientists in rubber related industries are always looking for new means to

improve rubber products.

1.4.2 Carbon Black

At present, various components are added during manufacturing since engineering rubber
cannot be in its natural state. It is hard to see an application of elastomers using the polymer
in an unfilled state. A wide range of particulate fillers have been used in rubber manufacture,
for different purposes, which are based on reinforcement, low material cost and processing
ease. The presence of fillers in rubber is important to achieve durable products, increase
strength and prolong life. Fillers can also help improve the modulus of elasticity which is a
measure of stiffness of the given materials and are sometimes applied for this purpose.
Particulate fillers such as carbon black and silica are widely used to improve the strength of

vulcanized rubbers more than tenfold (Li et al., 2008).

The use of carbon black can be traced back to the third century B.C in China and India.
Carbon black is by far the most commonly used filler for rubber compounds and has the
preeminent performance among all the reinforcing fillers since the World War 1. The
worldwide production of carbon black in 2012 was about 11 million metric tonnes (ICBA,
2016). It is added to rubber compounds to enhance the physical properties, such as hardness,
tensile strength (a maximum load that a material can support without fracture when being
stretched) and tear strength (a measure of how well a material can oppose when being torn).
As reinforcing fillers, carbon blacks help to increase the hardness and viscosity of rubber-
based compounds being the most effective of all filler materials (Medalia & Kraus, 1994).

There are three main types of carbon black: furnace black, thermal black and channel black,
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which are named because of their production processes. Furnace black is the most important
black (occupies 95% of the market); about 70% of the furnace black is currently used for tyre
production and other automotive products. Thermal black and channel black can only be used
in a limited range of rubber compound (e.g., fluorocarbon rubbers) with only a few grades.
Meanwhile, there are two specialist carbon blacks: lampblacks and acetylene black.
Lampblack was invented by the Chinese for ink and lacquer formulations over 3,500 years
ago; and acetylene black is conductive and used for conducting rubber products (Kiithner &
Voll, 1993; ICBA, 2016). After the middle of the 20th century until now, almost all the
rubber-reinforcing carbon black used today is produced by the oil furnace process, namely
furnace black. During the furnace process, a hydrocarbon fuel, such as natural gas or heavy
aromatic residue oil from the petroleum or coal industries, is burned in a refractory-lines steel
furnace with insufficient oxygen. After that, the black product is separated from the hot
combustion gases by means of cyclones and filter bags. The black is then pelletized by either
a dry or a wet procedure to satisfy different market purpose. The yield of the black produced
in the furnace process varies from 25% to 70% of the available raw carbon materials,
depending upon the particle size. Most of the furnace blacks have relatively low oxygen
contents (usually less than 1%) and their surface is always neutral or alkaline (Forrest, 2001).
The manufacture of carbon black usually has a considerable carbon footprint, due to the
incomplete combustion of heavy hydrocarbons. 2.4 tonnes of CO; are estimated to be emitted
per tonne of carbon black, which compares to 0.8 tonnes of CO, per tonne of cement for

cement manufacture (Athanassiades, 2013; IEA, 2007).

Carbon black is an extremely pure form of elemental carbon which consists of very small,
mostly spherical particles fuse together in clusters referred to aggregates. The aggregates
themselves then group together as agglomerates which break up when mixing with rubber
compounds, shown in Figure 1-5. The aggregates are regarded as the smallest dispersible unit
of carbon black within the rubber matrix in usual conditions. As a result, aggregates are often
considered as the actual reinforcing unit (Donnet et al., 1993). The structure of carbon black
is defined as the types of aggregates. It can be observed directly by TEM as partly graphitic.
The outer layers show more graphitic structure than those in the centre. Normally, the smaller

the size of the carbon black the less graphitic it is in structure.
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At a high magnification, the carbon atoms in the aggregates can be seen in overlapping
graphitic layers that locally present a quasi-crystalline turbostratic structure with an
approximately 0.35nm interlayer spacing. As evidenced by TEM, the morphology of carbon
black can be simplified as an onion-like structure. Chemically reactive functional groups are
in most cases attached to the graphitic edges. As shown in Figure 1-6, carbon black is
composed of well-developed graphite platelets which roughly remain parallel to one another
but random in orientation with adjacent layers (Wang et al., 2000). In other words, the edge
of each layer can be regarded as the effective reactive zone of carbon black. The higher the
structure, the more spherical particles in an aggregate. As the number of particles presenting
in an aggregate increases, the space volume within the aggregate will also increase. However,
this kind of space is not accessible for the rubber molecules due to the small size (Blow,

1975).
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Figure 1-5 Carbon black
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Figure 1-6 Carbon black structure (Wang et al., 2000)

1.4.2.1 Classification

A carbon black classification system has been built up by the American Society of Testing
Materials (ASTM), which is essentially based upon particle size and degree of surface
oxidation (which primarily affects the curing time of rubber - carbon black compounds). The
N series comprises ‘normal curing’ furnace and thermal blacks, then S letter is defined as the
‘slow-curing’ channel blacks and deliberately oxidized furnace blacks. The first number of
the three-digit suffix tells the particle size, as shown in Table 1-3. The remaining two digits
are given randomly without meaning. For example, N330 series denotes fillers which were
made at normal curing rate of the host rubber compound and with surface area between 70
and 99m?/g (Wampler et al., 2004). Specification are given in terms of both analytical
properties of carbon black and physical properties applied to the rubber in standard recipes
(ASTM Classification D-1765); this is important, since a given set of analytical properties
may not ensure the same rubber properties, especially in carbon blacks made by different

manufacturers.
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Table 1-3 Classification and typical particle size of carbon blacks

Average particle
ASTM Series Name Abbreviation
diameter (nm)
Super Abrasion
N100 11-19 SAF
Furnace
N200 20-25 Intermediate SAF ISAF
N300 26-30 High Abrasion Furnace HAF
Special Conductive
N400 31-39 XCF
Furnace
N500 40-48 Fast Extruding Furnace FEF
General Purpose
N600 49-60 GPF
Furnace

Semi-Reinforcing

N700 61-100 Furnace- High SRF-HS
Structure
N&00 101-200 Fine Thermal FT
N900 201-500 Medium Thermal MT
ISAF- Low Structure-
S200 20-25 ‘ ISAF-LS-SC
Super Conducting
HAF- Low Structure-
S300 26-30 HAF-LS-SC
Super Conducting

1.4.3 Characterisation of Carbon Black

A variety of characteristics contribute to the reinforcement of elastomers offered by carbon
black. Particle size, the morphology of aggregates and the microstructure can be considered
as the key properties of carbon black that affect the interaction between carbon black and
rubber-related elastomers. Further, the characteristics of the carbon black surface and its
structural organization, particle porosity, surface area and its chemical composition are also

essential. The development of a large polymer-filler interface is a very important variable. A
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specific surface area of a spherical particle of 1pm in diameter can be 6m”*/cm’. And this is
roughly the lower limit of significant reinforcement. The upper limit of useful specific
surface area can reach 300 — 400m*/cm’, and is determined by considerations of dispersibility,
processability of the unvulcanised mix, and serious loss of rubbery characteristics of the

composite (Maya, 2007).

1.4.3.1 Particle and Aggregate Size

Particle size and distribution remain probably the most fundamental physical properties
important for the reinforcement capacity of carbon black. This may be the reason why
particulate fillers obtained directly from grinding of minerals or by simple precipitation are
often regarded as non-reinforcing fillers, because their fundamental particles are too “big”. In
most cases, non-reinforcing fillers are used in elastomers simply to provide a slight increase

in modulus and a very significant drop in break properties (Mark et al., 2005).

Carbon black particle aggregates are reported to work as a unit in the rubber matrix, however
the reinforcement imparted by the carbon black is not influenced by the aggregates units but
by each individual particle within the unit. Usually, the average particle diameter of carbon
black ranges from 10nm to 500nm. As the particle size decreases, the dispersion of carbon
black in rubber compounds can be enhanced, the interface extension can be promoted,

consequently resulting in good reinforcement ability (OEC, 2015; Donnet et al., 1993).

Several instrumental methods are available to measure the fundamental particle size and its
distribution of carbon blacks. Scanning electron microscopy (SEM) has become the most
popular method for estimating carbon black primary particle size distribution. Scanning
tunnelling microscopy, atomic force microscopy, transmission electron microscopy (TEM)
and X-ray diffraction (XRD) are also popular for carbon black particle size examination. In
order to determine the size of individual particles, a TEM image is a helpful tool for

visualising particle aggregates (Donnet et al., 1993).
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According to the ASTM D-1765-17, the particle sizes of some typical carbon blacks are
shown in Table 1-4. In this table, ASTM number has been mentioned before in the
classification part, HI presents the aggregate size heterogeneity index, which is a

dimensionless measure of the breadth of the particle size distribution (Donnet et al., 1993).

Table 1-4 Mean particle size of typical carbon blacks

ASTM number Mean particle diameter (nm) HI'
N110 18 1.59
N121 19 1.58
N220 21 1.51
N234 20 1.57
N299 24 1.44
N326 27 1.44
N330 30 1.59
N339 26 1.56
N351 32 1.44
N358 30 1.49
N472 21 2.32
N550 56 1.67
N630 58 1.76
N650 61 1.65
N660 67 1.65
N762 107 1.57
N774 79 1.68
N990 285 1.63

“HI= Aggregate size heterogeneity index
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1.4.3.2 Surface Area

Surface area is an important morphological characteristic of reinforcing fillers when
considering their role in rubber reinforcement. It indicates the extension of the interface such
as the available surface for the interaction between the rubber and the filler surface. The
result of surface area would determine how much of the area can be accessed by rubber
molecules, provide the data of porosity of carbon black particulates. In most cases, carbon
black with a small particle size may have a high external surface area, but this may also be
influenced by the structure and the nature of surface. It is necessary to note that if the pores
are significantly smaller than the very large (normally meso or macro-pore size) rubber
polymer chains, then the polymer cannot access these pores. As a result, unlike micro-pores
for the application of activated carbon, meso and macro pores may play the decisive role on

the filler surface.

There are two main tools being widely used for the examination of a carbon black surface’s

area.
(1) Nitrogen adsorption (BET Method)

The BET method is the most widely used procedure to measure the surface area of carbon
black. It is named after Brunauer, Emmett, and Teller, who published this procedure in 1938
(Gregg & Sing, 1982). According to the ASTM D6556-16 standard, the total and external
surface areas of the carbon black can be evaluated by measuring the amount of nitrogen
adsorbed at liquid nitrogen temperature and several partial pressures of nitrogen. The NSA
(Nitrogen Surface Area) value is calculated from the adsorption data and includes the total
surface area, inclusive of micropores, pore diameters less than 2 nm. The external surface
area correlates to the specific surface area that is accessible to rubber is determined by the

statistical thickness method.

Surface area and pore size distributions of the samples are characterized by the nitrogen
adsorption and desorption method. Before gas adsorption measurements, the samples need to
be degassed under vacuum condition at 300 + 10 °C for a period of time. Subsequently, the
adsorption and desorption analysis of N, can be conducted and the adsorption isotherm

obtained. The BET surface area, micropore volume and pore size distribution can be
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determined from N, adsorption. The BET model gives an estimate of surface area of the filler

sample by the equation:
Sper =V, x4.35

Where: V., = volume of nitrogen per gram that covers one monomolecular layer in standard

cm’/g,

(6.02x1023)(16.2x10720)
22400

4.35 = area occupied by 1 cm® of nitrogen =

6.02 x 1023 = Avogadro’s number,
16.2 x 1072° = area of nitrogen molecule in m?, and

22400 = number of cm’ occupied by one mole of gas at STP.

Since the particles are basically spheroidal, the BET measurement of surface area by
adsorption methods can also be applied to the particle size test. As surface area is measured,

the average particle diameter can be calculated assuming that each particle to be a true sphere.

(2) Todine adsorption

During the iodine adsorption test, the excess iodine is titrated with standard sodium
thiosulfate solution for the adsorption number after a unit weight of carbon black is mixed
with a portion of standard iodine solution. The iodine adsorption number is related to the
surface area of carbon blacks and generally correlates well with the BET surface area. The
result may be affected by the presence of pores, volatiles or extractible components.
Sometimes, the aging of carbon black might influence this result as well. Commercial
reinforcing carbon blacks have iodine adsorption numbers typically in the 70 — 160mg/g

range whilst semi-reinforcing blacks are in the 30 — 45mg/g range.

1.4.3.3 Structure

Two descriptions are applied to illustrate carbon black’s structure: primary structure and

secondary structure. The primary structure is the degree to which carbon particles join
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together in aggregates. The secondary structure is used to define the agglomeration of
aggregates due to Van der Waals force. The secondary structure is relatively weaker than the
primary structure and much of it will be lost during the pelletisation process. Aggregation
contributes nearly all of the structure-related effects observed in rubber compounds, while
agglomeration is easily destroyed during rubber-mixing and has only minor effects on
compounded rubber properties. Researchers have found that the higher the structure of the
carbon black, the more irregular the shapes of the aggregates, thus the less these aggregates
are capable of packing together (Blow, 1975). The determination of structure is of primary
importance because structure is influenced by the quantity of the filler added for the
reinforcement and therefore the level of strain amplification (definition) of the deformable

phase.

The structure of carbon black is normally measured by determining the total volume of the air
spaces between aggregates per unit weight of carbon black. This measure is achieved by
testing the volume of liquid oil (dibutyl phthalate, DBP) (ASTM D2414 — 16el) required to
fill the voids. The oil absorption number of carbon black is related to the processing and
vulcanizate properties of rubber compounds containing the carbon black. An absorptometer is
the instrument used in this test, which consists of a small chamber where a weighed amount
of the black is stirred by rotors as the liquid is added at a constant rate. As the DBP is added,
the carbon black powder changes to a semi-liquid mass with an increase in torque. When all
the voids are filled, the whole mass stiffens up abruptly with an increasing torque required to
turn the rotors. The machine is set to shut off at this point and the DBP adsorption is read off
and recorded as cm’/ 100g of black (ASTM, 2016). Low structure blacks have values in the
range 60-80 ml/100g, while high structure types in excess of 120ml/100g (Loadman, 1998).

1.4.3.4 Chemical Properties of the Surface

Carbon blacks consist of 90-99% elemental carbon. It is believed that the nature of the carbon
atoms on the surface may also affect the reinforcement. The carbon atoms can be relatively
unreactive if they are an integral part of the layer plane, more reactive if attached to a
hydrogen atom, and very reactive if present as a resonance-stabilised free radical, for

example in an edge position (Wampler et al., 2004).
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The other major constituents of carbon black are hydrogen and oxygen. The hydrogen comes
from the original hydrocarbon and is distributed throughout the carbon black particle
(Wampler et al., 2004). There is also evidence for the presence on the surface of at least four
oxygen-containing groups: phenolic, ketonic, carboxylic and lactones (Lin, 2002; Boehm,
1994). Chemical surface groups are believed to have an effect upon the cure procedure within
many vulcanizing systems. In addition to the oxygen and hydrogen groups, carbon blacks
may also contain very small amounts of sulphur depending upon the nature of the
hydrocarbon feedstock used in the manufacture. Most of the sulphur is chemically combined

and appears to be inert and does not cause crosslinking of rubber (Pena et al., 2001).

The “Boehm titration” is regarded as a useful wet chemical method to measure oxygen
surface groups on carbon materials (Goertzen et al., 2010). The principle of the Boehm
titration method is based on the different acidities of oxygen groups on the carbon surface, so
that they can be neutralized by bases with different strengths. Sodium hydroxide (NaOH) is
the strongest base commonly applied and it can neutralize almost all Brensted acids
(including phenols, lactonic groups and carboxylic acids), while sodium carbonate (Na,COs)
would react with carboxylic and lactonic groups (e.g. lactone and lactol rings) while sodium
bicarbonate (NaHCO3) can only neutralize carboxylic acids. Through this process, the types
of oxygen groups on carbon surface can be defined and quantified from the difference

between the uptakes of bases (Tsechansky & Graber, 2014).

1.5 Rubber — Carbon Black System

1.5.1 Carbon Black Reinforcement Mechanism

The studies of the reinforcement of elastomers by fillers have been widely undertaken since
1960s (Mark et al., 2005). Many of the products of elastomers could not be without the use of
fillers due to their significant improvement in mechanical properties. However, despite the
efforts of generations of scientists the knowledge about particulate fillers reinforcement

mechanism remains fragmentary today.
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In most cases, the vulcanization process can only yield resilient products with elastic
properties but very little strength. Strength properties are introduced by the addition of
“reinforcement” fillers. In terms of “reinforcement”, it conveys a range of different meaning
when applied to different matrices and application, such as thermosets, thermoplastics, or
elastomers. Normally, the partial replacement of the deformable matrix (e.g. thermosets,
thermoplastics, etc.) by particulate fillers would decrease the matrix deformability. While the
situation is very different when reinforcing fillers are added into the elastomers, as the fillers
increase modulus and deformation of the elastomers at break simultaneously. After fillers are
added to the compound, several changes may occur: (1) an increase in modulus, or stress at a
particular strain, (2) an increase in elongation at break for vulcanizates having a given degree
of cross-linking, and (3) consequently, an increase in tensile strength (Mark et al., 2005). The
increase in stiffness and the improvement of physical properties such as tear resistance,
tensile strength and abrasion resistance are regarded as the crucial standards for
reinforcement evaluation. Even though this attractive paradox is not fully understood, there is
a common view about the contribution to the stress-strain behaviour of filled vulcanizates
from fillers. The reinforcing ability of a filler can be seen from Figure 1-7, where two SBR
vulcanizates are compared, the only difference between them is the presence or absence of
50phr carbon black N220 in the rubber recipe. The formulation of the SBR (Styrene-
Butadiene Rubber) vulcanizates can be seen from Table 1-5. It can be seen from the plot that
with the addition of carbon black N220, the stress-train cure witnessed a sharp rise, almost

ten-fold compared with the unfilled rubber.
30
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Figure 1-7 Comparison between filled and unfilled rubber matrix (Edwards, 1990)

(Rubber: SBR 1502, 100; zinc oxide, 3; stearic acid, 1.5; Santoflex 13, 0.5; Santoflex 77, 0.5;
Sundex 8125, 3; DPG, 0.3; Santousure NS, 1.2; Sulphur, 2. Press cure: 40 min at 153°C. Same
formulation with addition of 50 phr N220 carbon black)
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Table 1-5 SBR (Styrene-Butadiene Rubber) Formulation

SBR (Styrene-Butadiene Rubber) Formulation

SBR 1502 100phr

Zinc Oxide 3phr
Stearic Acid 1.5phr
Santoflex 13 0.5phr
Santoflex 77 0.5phr

Sundex 8125 3phr
accelerator DPG 0.3phr
Santousure NS 1.2phr

Sulphur 2phr
(Carbon Black N220) 50phr

Press cure: 40 min at 153°C

The reinforcement property of fillers has been a subject of a very large body of literatures for
decades. So far, more than eight theories have been applied to illustrate reinforcement
mechanisms. Nevertheless, none of them can be expressed in simple or at least a
comprehensible way. From the practical point of view, it is difficult to examine the
vulcanized products so as to identify conditions at the polymer-filler interface as they are
under service condition. Furthermore, this problem is strongly related to the polymer-filler
bonding which is probably one of the most controversial topics about filler reinforcement.
According to much research into the carbon black reinforcement mechanism, there are three

postulations which have gained most of the agreement.

1.5.1.1 Small Particle Size

It has been reported that almost all the material that have been proved to have reinforcement
effects represent diversity on the properties of their surface, but have a common feature of

extremely small particle size. Therefore, several researchers have concluded that the

44



Chapter 1 Introduction and Literature Review

reinforcement mechanism is attributed to an interfacial effect consequent upon small particle
size. A hypothesis has been pointed out that any finely divided solid material that can be
dispersed in the polymeric matrix will reinforce rubber compounds. Schmidt (1951) who
reported strong reinforcing effects in SBR filled with colloidal stannic oxide, silica, Prussian
Blue, polystyrene and casein proved that “small particle size of the pigment is of prime
importance in elastomer reinforcement, whereas the chemical nature of the pigment appears
to be of secondary importance” (Edwards, 1990). Carbon blacks perfectly follow this rule. As
the grade of black is above N330, whose particle diameter is larger than 300nm, the blacks
are named as “semi-reinforcing”. With the average particle diameter decreasing, the
reinforcing ability of carbon blacks is improving. After the average diameter drops below
35nm, the blacks can be grouped as “super-abrasion” grades. Gent and Tompkins (1969)
have reported that the pressure required to maintain a gas bubble in a liquid becomes very
large as the bubble size is reduced, and suggest that this conclusion may be connected with
the behaviour of rubber in relation to small particles. In the carbon black field, the gas bubble
in the hypothesis is replaced by solid carbon black particles. However, how the reinforcement
property changes when the diameter falls into the region below 10 nm remains unexplored.
There must be a point below which the properties of carbon black would be closer to a
molecular solution than solid particles. Thus, the best particle size, it is suggested, needs to be

worked out (Edwards, 1990). Figure 1-8 illustrates this question schematically.
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Figure 1-8 Schematic illustration of the effect of particle size on rubber reinforcement
(Edwards, 1990)
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1.5.1.2 Slippage at Interface

In the early 1960s, Danneberg (1966) proposed the mechanism of molecular slippage at the
interface between rubber molecular chains and the fillers. Stress can be redistributed by the
slippage of molecular chains, and then helps prevent the molecular rupture. Danneberg also
reported that the frictional heat occurring during the relative motion between rubber
molecular chains and filler can help release the strain energy so that hysteresis can be seen in
the matrix instead of break up. Figure 1-9 shows the proposed changes in the filled rubber

system under strain (Jha, 2008).

@ Initial Relaxed State

Complete Extensibility of
@ P — Shortest Chain

Further extension causes either desorption, chain breakage, or chain slippage.

® *—U —  Chain Slippage

High Modulus Molecular
- ; e : f - Alisnment Stress Equalization

Frictional energy dissipation

Initial prestressed State
chains of equal length give stress softening
@ low modulus on subsequent elongation
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Kinetic Energy of molecular
segements causes chain slippage and
randomization

Figure 1-9 Changes in the microstructure of a filled rubber system under strain (Dannenbery,
1966)
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1.5.1.3 Chemical Reaction

Functional groups on the surface of carbon black are most likely subjected to a variety of
inter- and intra-molecular interactions. Acid/base reaction and hydrogen bonding are
probably the main reactions that may occur between the rubber matrix and the carbon black.
In the 1960s, Boehm (1994) characterized the oxygenated functions on the carbon black
surface (as discussed previously in section 1.5.2). From that time, some researcher started to
believe that the interaction between carbon black and natural rubber was the result of
chemical reaction between the acidic groups on the carbon black surface and the basic
moieties within the rubber matrix. The reaction sites were removed from the surface of
carbon black and the change of the rubber product performance was observed to verify this
mechanism. As postulated before, the removal caused a large reduction in the modulus and
abrasion resistance properties imparted by the original carbon black. Strong chemical
bonding is reported to contribute in two different aspects. First, it can help to make the filler
agglomerates break up in the mixing step, and prevent any tendency toward the particle re-
agglomeration. Also, it may have some advantage for the physical properties, like modulus
and resilience, etc. during the vulcanization process. According to the above, the rubber
industry has been developing the reactive processing of filled polymer during the mixing
and/or even vulcanization step for many years. Some typical chemical functions on the

carbon black surface can be seen from Figure 1-10 (Mark et al., 2013).

Figure 1-10 Chemical function on carbon black surface (after Bueche, 1960)
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Nevertheless, there are not only chemical functional group on the carbon black surface,
which can build chemical bonding between the carbon black and rubber molecules, a huge
number of reactive double carbon bond have been observed on the black surface by STM
(Scanning Tunnelling Microscope). As reported by Medalia and Kraus (1994), such double
bonds could react with sulphur, olefins, and radicals to provide chemical bonding between
the carbon black surface and natural rubber, but the numbers of this type of bond still cannot
be illustrated quantitatively until now. Based on the huge amount of literature, there is
suggested to be a correlation between the hydrogen content of carbon black, which is

determined by isotopic exchange and their reinforcement capacity (Mark et al., 2005).

Even though, as several lines of evidence has suggested, strong polymer-filler bonding is not
always necessary or desirable to provide optimum properties. A proper degree of strong
interaction is highly expected in optimising the properties of practical rubber compositions.
The polymer/filler slippage can occur with only minor bonding under stress and over most of
the interfacial area. Meanwhile, the timing of bonding also has an effect on the final rubber
compound. If the bonding is introduced to the mixture before vulcanization, the network
between carbon black and rubber may be over-developed and make the whole system
difficult to process. If excessive bonding happens during vulcanization, it may cause the
extreme condition that the polymer connected to the filler would become totally immobile.
Furthermore, result in a tremendous decrease in extensibility. Much evidence supports that
the optimum degree of strong bonding should be quite low in relation to the surface area

available to the rubber molecules (Mark et al., 2013).
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The remaining five less supported postulations are summarised in Table 1-6 below.

Table 1-6 Theories on filled elastomer

Theories on filled elastomer

Summary

Reference

Stored energy function

Use thermodynamic
concepts to study the
relationship between stress

and train.

The order and disorder of
system correlate to the
extension of the molecular

chains.

Treloar, 1943
Mooney, 1940
Rivlin, 1956

Gent, 1996

Hydrodynamic Theory

Rigid fillers typically
increase the stiffness of the
elastomer. The presence of
the rigid fillers lead to local
strains, which is greater than

globally applied strains.

Guth & Gold, 1938
Guth, 1945

Payne, 1962

Modifications to

Mullins & Tobin, 1965

Blanchard & Parkinson,
Strain Amplification hydrodynamic model at high 1048
strains.
Bueche, 1960
The filled rubber can be

Model of weak and strong

linkage

regarded to be made of
strong and weak linkages.
Different

weak linkages can be broken
by different stresses

contributing to softening.

Blanchard & Parkinson,
1948; 1952

The Bueche model

The fillers are connected
with the molecular network

chains within a filled rubber.

Bueche, 1961; 1965
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1.5.2 New Direction for Carbon Black

Despite the fact that the modern carbon black industry has existed for more than a century,
there are still many opportunities for improving carbon black for certain applications. Carbon
black with better characteristics and from alternative feedstock has recently been receiving

increasing attention.

1.5.2.1 Surface Modification on Carbon Black

Since the surface is one of the most important characteristics for the interaction between
blacks and rubber compound, modification of the surface chemistry has been investigated for
several decades. The surface area and surface activity property of carbon black is recognized
to be essential due to the presence of various reactive functional groups on the surface.
Nowadays, carbon black manufacturers and researchers are making progress on altering the
morphology of the carbon structure, increase the crystalline sites and the stress oriented

active plane so as to obtain improved vulcanizate properties.

Chakraborty’s group (Ganguly et al., 2003; 2005) has selected aromatic polyhydroxy
compounds as a carbon black modifier and applied the treated carbon black into natural
rubber. The rubber filled with modified carbon black resulted in having a higher modulus,
heat build-up, hysteresis loss and other dynamic properties. The improvements can be
attributed to a high charge density in the surface due to the proportion and nature of surface
groups present in surface modified blacks. As a result, some form of higher crosslink density
can occur. In addition, the fact that the higher stress induced crystallization due to interactive
sites may also contribute to the system. The formation of crosslink density and the
compactness of crystal structure are reported to increase the heat build-up properties. Usually
a more ordered crystalized structure resulting in stronger bond formation occurs. The -OH
group in aromatic linkages increases its degree of nuclrophilicity, which in turn improves
linkages between polymer and filler surface. According to the results of secondary ion mass
spectroscopy (SIMS) on dry carbon black, the complex hydrocarbon structures are suitable
for chemical reactivity at the carbon black surface. These complex structures exist at the
edges of the graphite-like layers and provide an environment suitable for bonding or other

reactions. Furthermore, a considerable amount of hydrogen is present at the surface
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associated with these structures, which supports the importance of hydrogen to the surface
activity of carbon blacks. The concentration of hydrogen ions introduced by the surface

modifiers is much higher than native carbon black.

The development of polar basic (KOH) and nonpolar (C¢Hg) chemical surface modification
and the resulting mechanical properties of the carbon-black-filled rubber composites have
been studied by Park (Park & Kim, 2000; Park et al., 2002). Their result showed that the two
modification methods do lead to a considerable improvement of the nonpolar characteristics
of the carbon black surface. It is believed that both the stable microstructures and the surface
functional groups of the nanostructured carbon black surface can be enhanced by the
chemical modification. The resulting rubber composite showed better cure behaviours, tensile
stress and dynamic mechanical properties than the virgin (unmodified) carbon black filled
rubber polymer. It has been noted that the degree of adhesion between the carbon black and
rubber is linked to the increase of hardness, modulus and tensile strength of carbon black-
filled rubber composites. This can be interpreted as demonstrating the interdependence of the
active functional groups, surface energy, and energetically different crystallite faces of the

filler surface.

For the basic modified carbon black, the increase in the vulcanization reaction as well as the
improvement of the dispersive force of carbon blacks in the rubber matrix resins can be
possibly explained as a result of improving the surface roughness (or increase in the specific
surface area) and the chemical erosion of the carbon black surface. At the same time, an
increase of basic functional groups can be observed on the carbon black surface edges. As to
the nonpolar modified carbon black, the improvement for the final products can be attributed
to the increase of aromatic nonpolar functional groups on carbon black surfaces and increases

of both the viscosity and the crosslinking density (Park et al., 2005).

Rubber elastomers filled with carbon black having surfaces modified by vegetable oil obtain
high tensile strength and elongation properties, but low abrasion and hardness compared with
normal carbon blacks filled products. It is reported that carbon black modified by si-69,

introduces higher hysteresis and improved abrasion resistance at both low and high
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temperature. The same result can be also achieved by modifying the carbon black with
aliphatic dihydric and trihydric alcohol. Surface modification with a phenolic plant product
provides carbon black with a higher flex crack growth resistance. Some researches proved
that diazonium salt modification is a very popular and efficient way in rubber and plastic

application (Ganguly et al., 2003; 2005).

1.5.2.2 Alternative Feedstock for Carbon Black Substitute

With the rapid increase in the price of raw rubber and other compounding ingredients, the
rubber industry has made great efforts to reduce the production cost and increase
competitiveness. There are several concerns about the ongoing use of conventional petroleum
based carbon black feedstock. On one hand, the price of carbon black oil witnesses a gradual
increase every year. The Cooper Tire Company has suggested that carbon black oil is now the
largest expense in the production of carbon black. The feedstock accounts for 30-35% of the
carbon black sale price. Take tyre production as an example, the population of world vehicles
was 1.0 billion in 2010; it is believed that the number will reach 2.5 billion by 2050
(Andrews, 2014). The consumption of carbon black will be immeasurable since at least 30%

of the tyre weight is based on carbon black.

Due to the non-degradability of the petroleum based feedstock of carbon black, it may cause
severe environmental problems. Concerns about the environment and its protection mean that
many research are being undertaken with the objective to reduce the dependence of carbon
black feedstock on fossil fuel and transform its sourcing to a sustainable material basis. Not
only is the current feedstock & manufacture process energy intensive, it is unsustainable in
the long-term as a resource of feedstock to make the carbon. The use of bio-based fillers
would further help to reduce the dependence upon fossil fuel and move towards a sustainable

material basis for rubber filler production.

Recently, the rubber industry has a newfound interest in fillers derived from biodegradable
waste feedstock, which has potential for recycling, to replace the conventional crude oil
based feedstock. Their recyclability and utilization has become a major driving factor in their

acceptance and employability, as well as low cost and abundant availability. Therefore, bio-
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based biodegradable composites have become the next generation materials in the carbon
black industry. This new class of carbon black-like feedstock includes natural sources (e.g.
natural fibres), industrial by-products (e.g., saw dust, rice husk, coconut shell), and even
industrial waste material (e.g., rice husk ash). This field is very attractive from both the
ecological and economic point of view, since it could enable rejected material to become
valuable material, which could be reused in industry (Intharapat et al., 2013; Gopalan &

Dufresne, 2003).

(1) Rice husk ash

Rice husk ash (RHA) is an industrial waste material produced by burning rice husk for
energy generation. It has a tough, woody and abrasive nature along with a high silica content.
Given that the main components of rice husk as is amorphous silica and residual unburned or
charred carbon (carbon char/black), rice husk ash has already attracted increasing attention
(Chaudhary et al., 2004). Arayapranee et al. (2005) studied the quality of the rubber products
filled with rice husk ash and compared them with another two commercial rubber fillers, Hi-
Sil 233s silica (S10,) and carbon black N330. Their observations from various tests indicates
that the incorporation of RHA filler in rubber with loading from 0 to 40phr can help provide
high hardness but low tensile strength and tear strength, the viscosity and cure time of the
RHA filler rubber were also reduced. Only a better resilience property is observed in the
product compared with silica or carbon black filled ones. No significant change appears in
other properties, such as Young’s modulus and abrasion loss. It can be seen from the
scanning electron micrographs that the dispersion of RHA filler in the rubber matrix is not
continuous, which results in a weak structure compared with that of carbon black and silica.
Sea-oui and co-workers (2002) reported a similar conclusion. They found that both low- and
high- carbon content grades of RHA gave inferior mechanical characteristics, such as tensile
strength, modulus, hardness, abrasion resistance and tear strength, compared with the
reinforcing filler (silica and carbon black). Costa et al. (2000; 2002) tested properties of
rubber filled with 20phr milled rice husk, which showed slightly inferior physical properties
compared with the commercial carbon black or silica filled compounds, except for abrasion
resistance. The incorporation of RHA into polypropylene was tested by Faud and his group
(1995), and an increased flexural modulus of the composites was obtained. Meanwhile,

elongation at break (the ratio between changed length and initial length after breakage),
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tensile strength and Izod impact strength (impact resistance of materials) saw a decrease
(Crompton, 2012). According to these results, it can be concluded that rice husk ash can be
used as a cheaper filler for rubber products when mechanical properties and improvements

are not critical.

There is the option to undertake some surface modification of RHA. There are a few
investigations which have suggested that the rubber compounds filled with 20phr surface-
treated RHA, which was modified by means of chemical treatment with NaOH or HCI, shows
slightly superior properties (such as tensile strength) than the commercial filler filled rubber
(Arayapranee, 2004). Many groups also researched the compatibility between silanol groups
of RHA and a polymer matrix having polar groups (reactive towards silanol groups)
(Chaudhary, 2004). The influence of a compatibilizer [poly (propylene —ethylene acrylic
acid)] and a silane coupling agent [3-aminopropyl-trithoxy silane (3-APF)] on mechanical
properties of milled RHA-filled polypropylene/natural rubber blends have also been studied.
Ismail et al. (2001) investigated RHA filled polypropylene/natural rubber blends and
observed a slight improvement in mechanical properties of polypropylene-natural rubber
blends after using amino-silane agents, which may introduce some enhancement in filler-
matrix interaction upon silanation. The mechanical properties of RHA filled vulcanizates in
Ishak and Bakar’s study (1995) were comparable to carbon black vulcanizates, which
indicated that it is possible to partially replace carbon black by RHA. It should be noted that
the similarity was only obtained at low filler loading (approximately 20 wt.%). With an
excessive filler loading, the interaction between filler and matrix will be inhibited, which will
result in poorer tensile properties and reduced elongation at break (Genieva et al., 2008).
Recently, further investigations were undertaken to gauge the effect of peroxide based silane
on chain-scission and to study the bonding between the silanol groups of RHA and epoxy

groups of rubber (Manna et al., 1999).

(2) Peanut shell powder

Peanut shell powder (PSP) is a waste from one of the major food crops in the world, with
large quantities produced annually. There were around 43.9 million tonnes of peanuts (in
shell) produced in 2014 (FAO, 2017). The chemical composition of peanut shell powder is

similar to hard wood, but with high cellulose content having a bulk density of 0.10g/cm’ and
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moisture content of 25%. Its chemical composition makes PSP a promising material as a
rubber filler, mainly from the ecological stand point. Sareena et al. (2012) suggested that PSP
is most effective as a filler in natural rubber at 10phr loading. After chemical modification by
alkali treatment, the filler reinforcement ability of modified PSP increased and the modified
PSP-NR composites shows better physicomechanical properties. Until now, research into
peanut shell powder has been limit; much potential for further works exists, such as

modification methods and mixing process improvement etc.

(3) Limestone dust waste

Limestone dust waste (LDW) is obtained from the explosions during the mining of limestone
to get raw materials for cement manufacturing. The large quantities of fine dust cause serious
air pollution and health hazards. Due to this situation, using the LDW to replace the most

commercial fillers has gained more and more attention.

According to Sae-oui and co-worker (2009), after LDW is added into the rubber matrix, it has
a negative effect on most mechanical properties, such as tensile strength, tear strength and
abrasion resistance. Whereas, the addition of LDW still has a little effect on compound
processability. LDW has recently been grouped as a non-reinforcing filler, because of its

relatively low specific surface area and thus low reinforcement ability.

Other materials which have been used as fillers in rubber have been summarised in Table 1-7.
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Table 1-7 Materials used as rubber fillers

Material

Short Summary

Reference

Chicken Eggshell

The eggshell calcium carbonate filled epoxidized natural rubber showed superior
vulcanization characteristics (higher maximum torque and cure rate index, lower cure time

and scorch time), higher tensile properties and lower tension set value.

Intharapat et al., 2013

Fly ash

Fly ash (up to 60 phr) can be used as a non-reinforcing filler for ESBR compounds, where
abrasion resistance is not significantly required. The 300% modulus values remained

unchanged with increasing loading.

Dasgupta et al., 2012

Soy spent flakes

The soy spent flakes can partially replace carbon black as the reinforcement co-filler in
rubber composites. The elasticity of the co-filler network structure is close to that of carbon

black filled composites.

Jong. L, 2007

Lignin

Reinforcing properties of lignin as filler in nitrile rubber can be improved on suitable

chemical treatment for good thermal stability.

Setua et al., 2000

Pyrolytic tyre

Chars obtained from pyrolytic tyre can be successfully reused as semi-reinforcing fillers in
rubber formulations. The physical and mechanical properties of the rubber filled with
pyrolytic tyre were found to be comparable to rubber containing N772 and with N772 and

silica.

Athanassiades, E., 2013

Waste newsprint fibres

The sodium silicate and magnesium chloride treated newsprint fiber waste at 40phr can

improve the electrical and mechanical properties of the rubber composite.

Nashar et al., 2003

Marble sludge with carbon black

Marble sludge can be used as a co-filler with carbon black in natural rubber. High tensile

strength, modulus, tear strength and hardness can be achieved.

Ahmed et al., 2013
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1.6 Response Surface Methodology (RSM)

Traditionally, optimization of analytical processes has been carried out by monitoring one
factor at a time on an experimental response. Only one parameter is changed while keeping
all other variables at a constant level. This optimization technique is called one-variable-at-a-
time, which always requires a large number of experiments and relies on the experience of
the analysts (Kincl et al., 2005). The major disadvantage of the one-variable-at-a-time
methodology is that it doesn’t consider the interactions between parameters, so that the
complete effect of combined variables on the process and the optimum conditions cannot be
clearly studied in an efficient way. Another drawback of this technique is that it calls for
unnecessarily numerous experiments. It is greatly beneficial if a thorough analysis of a
process and the interactions can be undertaken with as few experiments and with as low cost
as possible (Bolton & Bon, 2010; Bloomfield & Bulter, 2000; Kincl et al., 2005). In order to
overcome this problem, the optimization of analytical procedures has been developed to
provide simultaneous comparisons of several variables at one time. Among them the most

popular multivariate techniques applied in optimization is Response Surface Methodology.

Response Surface Methodology (RSM) refers to a combination of mathematical and
statistical techniques to analyse, improve and optimise industrial processes. It is very
powerful and widely used for the modelling and analysis of problems, especially in which a
response of interest, including the quality and performance characteristic of a product or
process, is influenced by several input variables, and the objective is to optimize this response
(Myers et al., 2009). The RSM technique was first introduced by Box and Wilson in 1951 for
optimization in the chemistry field (Box & Wilson, 1951). Since then, it has been widely
applied in many other industrial fields to investigate the behaviour of a system at a selected
region, optimize the process and develop the operating conditions for specific objectives. In
addition, the RSM is still helpful when optimization is beyond the boundaries of the

experiments, as it can identify new conditions for the experiment to achieve the desire target.

A multiple regression analysis of the results is conducted based on the well-designed
experiments, which leads to a mathematical relationship between the independent factors and

the response. The individual and interactive effects of the experimental factors in the process
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can be indicated by the regression models. There are three typical classes for the regression
models: (1) first order polynomial (indicative of main effects only), (2) first order polynomial
enhanced with two factor interactions and (3) second-order models which contains complete
quadratic effects (Myers et al., 2009, Banks, 1998). The response surface can be visualized
graphically through 3D plots or by contour ploys as shown in Figure 1-11.
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Figure 1-11 Example of (a) 3D plot and (b) contour plot of response surface for two variables
(Myers et al., 2009)

RSM is a sequential optimization process and typically contains the same stages in the
application as follows: (1) Screening tests. Through the first block of the response surface
methodology, the independent variables of major effects on the system are investigated and
the delimitation of the experimental region or the level of the independent factors can be
identified according to the objective of the process and the experience of the researcher. (2)
The experimental design is determined and the experiments are carried out based on the
selected experimental matrix. Usually second-order models are employed at this stage to
illustrate the surface curvature. (3) The obtained experimental data is then optimized through
the fit of a polynomial function by the mathematic-statistical technique. (4) The fitness of the
selected model is evaluated. (5) The necessity is identified and the possibility of performing a
displacement in direction to the optimal region is verified. (6) The optimum values for each

studied variable are obtained (Bezerra et al., 2008).
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1.6.1 Experimental Design for Multi-level Variable

Good data collection and a scientific approach are needed in designing the experiment to
guarantee that the outputs from the optimisation analysis are maximised. It is obvious that the
statistical design of experiment is one of the most efficient and useful means to obtain the
desirable output (Montgomery, 1976). Experimental design is a specific selection of
combinations for the levels of variables that are applied experimentally to obtain the
responses (Banks, 1998). A good fit of the regression model, time and cost effective and good

distribution of data can be achieved by a successful experimental design.

Multi-level design is used when the variables are applied in more than two levels. The most
popular multi-level design is the Central Composite Design (CCD), which was introduced by
Box and Wilson (Box & Wilson, 1951). The CCD is powerful and flexible, considering the
effects of variables and overall experimental error with fewer experiments. In order to gain a
good estimate of pure error (experimental error), the centre points are usually repeated 4 to 6
times. Whereas, all factors are studied in five levels by default: alpha (the distance from the
centre point to the end of the axial point), with negative, zero and positive values (-a, -1, 0, 1,
+a). Figure 1-12 presents the full central composite design for two and three variables. The
experiment number required by CCD can be calculated by N = k? + 2k + Cp» Where k in the

number of variable and ¢, is the replicate number of the central point (Bezerra et al., 2008).
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Figure 1-12 Design points for CCD designs with (a) 2 variables and (b) 3 variables (Sharifan,
2014)
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Another widely employed multi-level design is Box-Behnken design (BBD) (Box & Behnken,
1960). It is a 3-level second-order designs and very efficient and economical mainly for a
large number of variables. BBD is a spherical design since no points are at the vertices of the
experiment region, all design points are either in a sphere or at the centre of a sphere. This
design is well suited in examples where there is little or no interest in studying the response at
the extremes i.e. the corners of the cube (Myers & Montgomery, 2002; Liyana-Pathirana &
Shahidi, 2005), or where the edge points are experimentally expensive or difficult to achieve.
Figure 1-13 illustrates the BBD design with 2 and 3 factors. The number of experiments
required by BBD is based on N = k* — 2k + c,,, where k is the number of variables and c,, is
the number of the centre points. All variable levels only need to be adjusted as three levels (-1,
0, +1) with equally spaced intervals between these levels (Ferreira et al., 2007; Bezerra et al.,

2008).
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Figure 1-13 Design points for BBD design with (a) 2 variables and (b) 3 varibales (Sharifan,
2014)

Doehlert design, a uniform shell design, developed by Doehlert in 1970 is an alternative
practical multi-level design. According to Ferreira et al. (2004), Doehlert is regarded as more
efficient than CCD and BBD since fewer tests are required for the equivalent (or more) data,
so that fewer experimental points are needed. This design describes a circular domain for 2
factors, spherical for 3 factors, and hyperspherical for more than four factors, which focus on

the uniformity of the factors in the experimental domain. The experiment number required by
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Dochlert design is N = k% + k + Cp, Where k is the variable number and ¢, is the replicate

number of the central point. Figure 1-14 presents the DM design for two and three factors.
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Figure 1-14 Doehlert design with (a) 2 variables and (b) 3 variables (Sharifan, 2014)

Unlike CCD and BBD all factors are at the same level, each variable in the DM can be
studied at a different number of levels. For example, each variable in DM design can employ
3 to 5 levels, some variables at -1, -0.5, 0, +0.5 and +1, while others at -0.866, 0 and +0.866.
This makes Doehlert design more flexible compared with CCD and BBD.

The most outstanding property of DM is its potential for sequential (Sharifan, 2014). When
the boundaries are not selected correctly, or it is found necessary to develop a region out of
the initial boundaries, the displacement of the experimental matrix to another experimental
region can be achieved using previous adjacent points (Massart et al., 1997; Aujame et al.,
2000). The application of Doehlert design has been paid more and more attention in

analytical chemistry in recent year (Bezerra et al., 2008).

The efficiency of CCD, BBD and DM is summarised in Table 1-8, where efficiency refers to
the ratio of the number of coefficients in a second order quadratic model for k factors, with

the number of experiments in the analysis of those k independent factors.
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Table 1-8 Comparison of CCD, BBD and DM (Ferreira et al., 2004)

Number of Number of experiments _
Variables Efficiency (p/n)
Coefficients ()
(k)
(p) CCD BBD DM CCD BBD DM
2 6 9 - 7 0.67 - 0.86
3 10 15 13 13 0.67 0.77 0.77
4 15 25 25 21 0.60 0.60 0.71
5 21 43 41 31 0.49 0.61 0.68
6 28 77 61 43 0.35 0.46 0.65
7 36 143 85 57 0.25 0.42 0.63
8 43 273 113 73 0.16 0.40 0.62

1.6.2 Multi-objective Optimization

In most of the real industrial cases, the optimum is not only limited to one objective since lots
of objectives need to be considered at the same time, such as cost, energy consumption and
efficiency. Superimposed response surface of all objective function can be used to tackle this
problem in term of two-dimensional problems (Lee et al., 1999). The contour plots or 3D
surface from RSM can be applied and will result in a region of optimum condition
considering all objective functions and limitations. Unlike single objective optimization
analysis, the multi-objective problem does not have a single solution from one optimum point.
Such problems then contribute to a set of “trade-off” optimal solutions, also known as
“Pareto Optimal” solutions. A region where all the rest of the region has a higher value for at
least one of the objective function can be found through Pareto Optimal; in other words, all
Pareto Optimal solutions are regarded equally fit if there is no additional subjective
preference. These solutions often come out with a set of curves; while any two of them
contain a compromise between objective functions. (Deb, 2005; Caramia & Dell’Olmo, 2008;

Konak et al., 2006).
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1.7 Summary

This literature review has discussed the research on the characteristics of commercial carbon
black and the production of carbon black substitutes from biomass and related materials.
According to developing legislation related to GHG emission, new approaches need to be
developed for the huge amount of these wastes which arise every year. Thus the invention of
new approaches to enable the proper and sustainable management of coconut shell and
sewage sludge are needed. Given that these two materials are carbon-rich, they have the
potential to be converted through pyrolysis into reusable materials and applied as rubber
fillers with potential reinforcing properties. Through the application of the Response Surface
Methodology (RSM), which has been introduced in this chapter, in can be applied as a
systematic method to study and optimise the pyrolysis parameters necessary for the
production of optimal char fillers. In the following chapter, the aims and objectives to be

achieved in this thesis will be introduced.

63



Chapter 2 Research Aim and Objectives

Chapter 2 Research Aim and Objectives

The key aim of this research is to develop, test and characterize novel types of sustainable
fillers for rubber and related materials derived from the chars produced during the pyrolysis
of biomass and other materials, derived from sustainable origins. Coconut shell and raw
sewage sludge have been selected as materials which fulfil the required criteria and will be

studied to test and understand their fundamental interaction in a rubber system.

The research aim will be addressed by achieving the following objectives:

a. Characterizing fully the physical and chemical properties of commercial carbon blacks and

the influence of the filler upon the properties on the polymer.

b. Investigating the key physical and chemical properties of potential feedstock, such as

thermal behaviour and proximate analysis using Thermogravimetric analysis (TGA).

c. Producing carbon-based fillers from feedstock through the application of conventional

pyrolysis to convert into char fillers.

d. Examining physical and chemical properties of char filler products through: Nitrogen
adsorption, toluene extractions, pH value, Boehm titration, Transmission Electron

Microscopy (TEM), CHNS test and TGA.

e. Mixing char fillers with the most promising properties with rubber compounds through

collaboration with the project industrial partner.

f. Optimising the manufacturing process for the production of a char filler.
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g. Development of a screening tool to better enable selection of the most suitable materials as

carbon black replacement fillers in the rubber system.

The approach to the work is summarised in the flow diagram shown in Figure 2-1.

Process Modification

Production Char filler Rubber Rubber test Filler
of char filler characterization mixes products
— Nitrogen adsorption —— Dynamic mechanical
Evaluate
— Toluene extracted screening tool Hardness
for testing — Tensile properties
— pHvalue different fillers

— Optical microscopes

— Boehm Titration

— TEM

—— CHNS test

— TGA

Figure 2-1 Flow diagram of the process for the production of carbon black substitutes
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Chapter 3 Materials and Methodology

3.1 Introduction

In this chapter, the feedstock, reference materials (commercial carbon blacks) and the
experimental methodologies used during the research are discussed. The feedstock examined
were waste biomass: coconut shells and sewage sludge. Feedstock with different properties
will lead to different characteristics of the produced char fillers and thus significantly
influence the final performance of char fillers. Therefore, the first step of this research is to
investigate the properties of the feedstock through their thermal behaviour, organic
composition obtained from proximate analysis and CHNS content. In order to replace
commercial carbon blacks, the study of carbon black characteristics is very important. The
methods used to gain the knowledge of reference carbon blacks are discussed. After that, the
production process of char fillers, which was thoroughly studied by the Response Surface

Methodology (RSM), are explained in this chapter.

3.2 Materials

3.2.1 Sources of Char Filler

3.2.1.1 Coconut Shell

As a single and simple genus species, coconut grown everywhere exhibit similar properties.
The coconut shells used in this project had already been shredded into random large pieces
(approx. 15mm x 15mm) by the supplier. They were imported from India and shipped as
25Kg sacks.

In order to make the following experiments standardised, after being crushed into to small
pieces (less than 10mm) by a laboratory-scale hammer miller (Glen Creston, UK) in the lab,
the small pieces of coconut shell were then dried at 105 °C to constant weight, to reduce the

moisture content (Figure 3-1).
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lecm

Figure 3-1 Dried coconut shell

3.2.1.2 Sewage Sludge

The dewatered raw sludge cake used in this research was supplied by Thames Water from
their Crossness treatment works. The raw sludge was dewatered by the belt press after
collection on the site of the waste water treatment plant, then the dewatered sludge cake was
firstly sterilized in the laboratory by using the Autoclave at 121°C for 15 minutes and then
dried at 60°C to a constant weight, usually it takes around 48 hours, as shown in Figure 3-2.
The texture of dried raw sludge was light and loose compared with the digested sludge.
Subsequently, the dried sludge was grounded by hand using a pestle and mortar to less than
10 mm and then stored in air tight containers for further use, including sludge

characterization and carbonization.
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lcm

Figure 3-2 Dried raw sewage sludge

3.2.2 Commercial Carbon Blacks

Commercial carbon black (CAS-No. 133-86-4) N115, N220, N330, N550, N660 and N772
were used as the reference materials in this research. Among them, N115, N220, N330, N550
and N660 are supplied by Cabot Corporation. N772 is provided by Degussa AG. All of the
commercial carbon black samples are made using the furnace procedure (Section 1.4.2) and
in black pellet form, as shown in Appendix 1. Carbon black N115 (N110 series) is super-
abrasion furnace black; N220 (N200 series) is intermediate super-abrasion furnace black;
N330 (N330 series) is high-abrasion furnace blacks, and is also used as the reference material
in the in-rubber tests; N550 (N500 series) is fast-extrusion furnace black, N660 (the N600
series) is general-purpose furnace black; and N772 with (N700 series) is low to semi-

reinforcing furnace black, which is also the reference material in the in-rubber tests.

3.2.2.1 Carbon Black N115

N115 has a very high degree of reinforcing ability to both natural and synthetic rubbers. The
surface area per unit mass is very high, whereas the structure is low. N115 is often used in the

high-performance passenger tyre treads, off-the-road tyres, aero-tyres and the premium tread
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compound of truck tyre. The rubber products containing N115, such as high strength
conveyor belt and industrial rubber articles, have outstandingly high abrasion resistance and
high strength coupled with relatively low modulus and low resilience (high hysteresis). Table

3-1 shows the main typical characteristics of carbon black from N115 to N772.

3.2.2.2 Carbon Black N220

N220 is a high-amplifying fine active carbon black, which can disperse easily in the rubber
matrix. When mix with rubber, N220 helps provide a high level extrudability, increased wear
resistance, high resistance of tensile and tolerable tear resistance, with relatively low modulus.
N220 is normally used in the manufacturing of high quality and durability rubber products,
such as the tread rubber of tyres for passenger cars and trucks and high grade conveyor belts.

Table 3-1 shows the main typical characteristics of carbon black N220.

3.2.2.3 Carbon Black N330

Carbon black N330 is the most widely used high abrasion furnace black, is a high-dispersing
and amplifying black. N330 can provide good reinforcement, which resulting in good tensile

strength, moderate abrasion resistance, elasticity and excellent extrusion characteristic.

N330 is an industry standard for many tyre application, including both truck tyre treads and
sidewalls application. It is particularly suitable for the tyre treads that requires good wear
resistance, including those made from emulsion SBR, solution SBR, PBR, NR or blends of
any of these polymers. Due to its balanced properties, N330 is also used for
conveyor/transmission belts, tube applications, hose covers, seals and moulded compounds
etc. Carbon black N330 is one of the reference materials in later in-rubber test. Table 3-1

shows the main typical characteristics of carbon black N330.
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Table 3-1 Main technical characteristics of carbon blacks

Properties NI115 N220 N330 N550 N660 N772 Analyse Method
Nitrogen Surface area, m’/g 129-145 112-126 71-85 34-46 29-41 30+£5 ASTM D 3037
CTAB Surface area, m’/g 119-137 102-120 73-91 35-49 29-43 29 -37 ASTM D 3765
STSA, m’/g 12449 10649 759 39+9 34+9 30+5 ASTM D 6556
DBP Absorption, cm’/100g 11347 11447 102+7 12147 90+7 65+5 ASTM D 2414
Heat Loss, % max 3.0 2.5 2.5 1.5 1.5 0.3 ASTM D 1509
Sieve Residue, % max
35 mesh 0.001 0.001 0.001 0.001 0.001 0.0001
ASTM D 1514
325 mesh 0.1 0.1 0.1 0.1 0.1 0.005
pH Value 5-9 7-10 7-10 5-9 7-10 9-11 ASTM D 1512
Ash content, % max 0.5 0.7 0.7 0.7 0.7 0.4 ASTM D 1506
Pour density, kg/m’ 345440 355+40 380+40 36040 440+40 460 ASTM D 1513
Fine content, % max 7 7 7 7 7 7 ASTM D 1508
Iodine Absorption, g/kg 160+8 12147 8248 43+6 36+6 30£5 ASTM D 1510
Tinting Strength, % 115-131 108-124 96-112 59 59 23 ASTM D 3265
Stress at 300% Elongation, Mpa -3.4£1.6 -2.3£1.6 -0.9+1.6 -0.9+1.6 -2.6+1.6 -4.1+1.6 ASTM D 3192
Sulfur content, % max 2.0 1.1 1.1 1.1 0.1 ASTM D 1619
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3.2.2.4 Carbon Black N550

Carbon black N550, with high structure and smooth particle surface, is the best reinforcing
black among soft carbon blacks, also called semi-reinforcing carbon black. Its medium-
dispersion and medium-activity lead to highly enduring properties, high extrusion rate, high
temperature resistance, high heat-conductivity, high reinforcement, high elasticity and
rebounding properties and relatively high tear resistance. Carbon black N550 is suitable for
both natural rubber and synthetic rubbers. It is widely used in fabric cord of tyres, tyre side
compounds, extrusion and rolling compounds, and profiling articles, seal and hoses as well.

Table 3-4 shows the main typical characteristics of carbon black N550.

3.2.2.5 Carbon Black N660

Carbon black N660 is a medium-dispersion, medium-active and low structure carbon black
with high tensile stress, good processing performance, high rebounding performance and high
flexibility. It is widely applied in various vulcanizates, such as fabric cord of tyre, inner tyre,
bicycle tyre and footwear etc., providing good elasticity, moulded, extrusion and fatigue
properties. The only deficiency of carbon black N660 is the low elongation. Table 3-1 shows

the main typical characteristics of carbon black N660.

3.2.2.6 Carbon Black N772

Carbon Black N772 is obtained from continuous process in the furnace by a thermal-
oxidative decomposition of natural gas, also called semi-reinforcing furnace carbon black. It
belongs to low to semi-dispersion, middle-active grades of carbon black. Among rubber
carbon blacks, N772 has the largest particle size and lowest structural and surface area, it

normally disperses relatively slowly.

It can be applied as a filler with high load in both natural rubber and synthetic rubbers,
mainly in the manufacture of frameworks, compounds of buffering layers, extruded rubber
articles and tubes. N772 can give the rubber mixtures high elasticity, low heat-up, good
aging-resistance and superior dynamic performance when used in tyre frames and technical

rubber products. Table 3-1 shows the main typical characteristics of carbon black N772.
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3.2.3 Chemical Reagents

Table 3-2 provides information on the chemical compounds used in this research, which
including physical properties, such as molecular weights, solubility melting point, boiling

point, purity and supplier companies.

Table 3-2 Chemical reagent

MW Melting point ~ Boiling point ~ Purity
Reagent Company
(g/mol) (°0) °O) (%)
Toluene 94.14 -95°C 110.6°C >99.5 VWR
Acetone 58.08 -94°C 56°C >99.0 SIGMA-ALDRICH
Powder
NaOH 40.00 - - >098.8 VWR
Na,CO; 105.99 - - >99.9 BDH
NaHCO; 84.01 - - >99.99 Fisher
Potassium
hydrogen 204.22 - - >99.9 BDH
phthalate
KOH 56.11 - - >85.0 BDH
3.3 Methodology

3.3.1 Preparation of a Series of Char Fillers

3.3.1.1 Thermogravimetric Analysis (TGA)

Thermogravimetry (TG) or thermal gravimetric analysis (TGA) is mainly considered as a
range of techniques by which the thermo-physical and thermo-chemical characteristics of a
sample are monitored as a function of time and temperature, in a defined atmosphere, under
controlled temperature conditions (Haines, 1995). The composition of the given materials and

their thermal stability at a high temperature up to 1000°C can be studied through this analysis.
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The weight loss or gain of the materials due to decomposition, oxidation, or dehydration can
be gained from this process at the same time. As the temperature increases, various
components (e.g. moisture and organic content) of the sample are removed or decomposed

and the weight percentage of each resulting mass loss can be recorded.

The thermo-gravimetric weight change (loss) curve was plotted against temperature. It
provides a range of temperatures within which the maximum thermal degradation of
feedstock takes place (Rout, 2013). According to the mass loss steps in a TGA curve, several
characteristics of materials can be determined, such as thermal stability, composition,
moisture and volatiles content, level of inorganic and organic components, ash content and
decomposition kinetics. Pyrolysis is known as a heating process of a substance in the absence
of oxygen at a particular temperature. Therefore, the temperature(s) for effective pyrolysis of
the feedstock need to be determined at the first stage. By using the TG data, the derivative
thermogravimetric (DTGQ) results can be studied according to the calculation of the rate of the
mass loss. The Derivative Thermogravimetry (DTG) plots are the first derivatives of the
original TG curve, which determines the information about the critical points with the highest

decomposition rate in the thermal event (Mettler Toledo, 2012).

Thermogravimetric analysis (TGA) is applied in this research to identify some of the basic
characteristics of the feedstock and determine the suitable pyrolysis temperature(s) and
heating rates to produce char fillers. The thermal analysis experiments were carried out using
a Rheometric Scientific STA 1500 Simultaneous Thermal Analyser (Polymer Laboratories,
TG/DSC), shown in Figure 3-3.
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Figure 3-3 STA 1500 Simultaneous Thermal Analyser

For each analysis, around 10mg to 16mg of the ground sample was accurately weighed and
loaded into an alumina crucible. Normally, the particle size of the sample needs to be less
than 150 um, since the results from thermal analysis could slightly change with the change of
the particle size of sample (Kok et al., 1997). This crucible was placed on one side of the
thermo-balance hang-down, along with an inert reference empty alumina crucible. The
samples were then heated from room temperature (=20°C) to the desired temperature (around
1000°C) under a continuous flow of nitrogen at 50ml/min flow rates. The inert nitrogen
atmosphere is used to guarantee that the heat is well transferred through the sample so that
the curve can be comparable to other works (Li et al., 2008) and to prevent oxidative changes
in the sample. The furnace was equipped with a thermocouple for monitoring the accurate
temperature of the sample which was heated at 10°C/min. The sample weight and
temperature was monitored continuously with a data point recorded every 6 seconds
(equivalent to every 1°C temperature rise). The derivative thermogravimetry (DTG), which
shows the rate of weight change steps in TG curves was subsequently determined from the

recorded TG data by the corresponding software in the machine.
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3.3.1.2 Proximate Analysis

Using proximate analysis, the moisture content, volatile matters, fixed carbon and ash content
of materials are determined. Since the use of thermogravimetry is easier and less time
consuming, the STA 1500 thermal analyser is also used for the proximate analysis in this

research.

During the course of coconut shell and raw sludge proximate analysis, around 15mg of
feedstock was accurately weighed and loaded into the thermo-balance of the TGA analyser.
The system was firstly programmed to heated up to 105°C from room temperature (= 20°C)
at a heating rate of 40°C/min and held for 10 minutes at 105°C under an inert atmosphere of
nitrogen to guarantee a non-oxidative environment. This step was to provide sufficient time
to measure the losses of moisture content of the feedstock. As to the volatile matter content,
the sample was them heated up to 950°C at 40°C/min heating rate and then held for 20
minutes under an inert nitrogen atmosphere. This isothermal stage provided enough time for
the sample to reach a plateau in the weight loss curve. In order to measure the fixed carbon,
the temperature was dropped to 600° C; at the same time, the gas flow was switched to air
and was held there for 30 min (Bakisgan et al., 2009; Demirbas, 2004; San Miguel, 1999).
The residue at the final stage was ash content of the sample. The proximate analysis of

coconut shell or raw sewage sludge was performed using the protocol in Table 3-3.

Table 3-3 Proximate analysis protocol

Step Temperature Isotherm (min) Heating rate Atmosphere
(°C) (°C/min)
Start End
1 20 105 - 10 Nitrogen
2 105 105 10 - Nitrogen
3 105 950 - 40 Nitrogen
4 950 950 20 - Nitrogen
5 950 600 20 - Air
6 600 600 - 30 Air
7 600 20 20 - Air
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3.3.1.3 Carbon Hydrogen Nitrogen Sulphur Analysis

CHNS analysis determined the C, H, N and S content of both the feedstock and the char filler
samples. It was conducted by combustion analysis using a Carlo — Erba EA 1108-CHNS
analyser by MEDAC Ltd, Surrey, UK. During the test, the sample is burned in excess of
oxygen in the presence of a catalyst. Carbon is oxidised into carbon dioxide, hydrogen into
water, nitrogen into nitrogen dioxide and sulphur into sulphur dioxide. The combustion
products are then separated by gas chromatography and the components measured. The

accuracy of this test can reach 0.30% with a detection limit less than 0.1%.

3.3.1.4 Conventional Thermal Pyrolysis

Pyrolysis is a thermal treatment by which organic materials are chemically decomposed by
heat in the absence of oxygen. It is a promising method to sustainably recover valuable
components from waste materials. By using waste materials such as biomass as feedstock,
pyrolysis is a way to convert waste into energy. During the pyrolysis, large molecules break
down into small molecules, resulting in carbonaceous residues containing carbon and char,

combustible gases and condensable liquid hydrocarbons.

The char (carbonaceous residues), whose qualities are governed by the experimental
conditions, can be applied in tyre manufacture, dye works wastewater decolourization and as
a precursor for activated carbon and for the extraction of useful bio-chemicals (Mohan et al.,
2006; Roy & Unsworth, 1989; Cunliffe & Williams, 1998). The oil and gases generated from
pyrolysis of biomass can be used as renewable energy sources and fuel in the pyrolysis plants
and existing industrial boilers and furnaces. They can also be used for generating electricity

and heat if there is an excess (Environment Agency, 2004).

Various parameters can influence the pyrolysis process, including temperature, heating rate,
pressure, retention time, atmosphere and type of reactor. A huge amount of research has been
conducted to understand the correlation between the pyrolysis conditions and the pyrolysis
output for pyrolysis performance indication (Arabiourrutia et al., 2007; Leung et al., 2002;

Park & Atreya, 2010; Rofiqul Islam et al., 2008, Williams and Besler, 1996). For example,
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with an increasing heating rate, the yield of char will decrease and the yield of oil and gas
will increase (Gonzalez et al., 2001; Wang et al., 2007). According to Sienkiewicz et al.
(2012) it is obvious that there is a significant potential of pyrolysis treatment based on
ongoing works in this field along with increasing cost of energy and petroleum and resources

such as carbon black.

The pyrolysis of feedstock was performed in a Carbolite 11/150 laboratory scale rotary
furnace (Carbolite, Hope Valley, UK) situated in a walk-in fume cupboard. As shown in
Figure 3-4, a rotatory horizontal tubular quartz vessel with the capacity of almost 5 litres
(containing 1 kg sample) is suspended by air-tight rotary fixtures inside an electrically heated
box-furnace. The rotation is initiated from the left side, where the reactor vessel was attached
to the furnace. The temperature is controlled by the thermal system with a thermocouple
located within the box furnace; the temperature that can be reached is up to 1000°C. Nitrogen
gas 1s introduced into the reaction vessel from the gas inlet ports at a controlled flow rate
(San Miguel, 1999), which can be adjusted by a rotameter. The nitrogen flow maintaining in
the vessel throughout the pyrolysis is to protect the char from oxidation and help to carry and
remove the pyrolytic volatiles (o1l and gas) towards the oil trap. The oil trap is located in the
right end of the reactor vessel, in which the condensed oil can be collected. The non-
condensable volatiles (gases) were vented from a small opening on the top of the oil trap to

the fume cupboard.
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Figure 3-4 Carbolite 11/50 rotary furnace

In each furnace run, around 300g of dried feedstock with the particle size smaller than 10mm
was loaded into the quartz reactor vessel. Then, according to the results of the thermal
analysis and proximate analysis of feedstock, and utilizing a Response Surface Methodology
design of experiments procedure (described later), 30 samples were prepared in the furnace
by varying the pyrolysis temperature between 400°C to 800°C; the heating rate from 5°C/min
to 15°C/min and dwell time over 0 to 3 hours using selected nitrogen atmosphere flow rates
from 100 to 1000ml/min. All samples were cooled to room temperature with continuous
nitrogen flow before being removed from the furnace. The rotation rate of the furnace was
held constant at 10rpm for each run. The char and oil produced were weighed to determine
their yield and the gas yield was calculated by the difference from the total original feedstock

mass. The char samples were stored in a sealed container in a desiccator for future analysis.

3.3.1.5 Response Surface Methodology (RSM) Design

In order to optimize the char filler production process from coconut shell or raw sewage
sludge and explore the effect of different pyrolysis parameters focusing on the key
characteristics of char fillers, response surface methodology (RSM) was applied in this

research. In this study, a modified Central Composite Design (CCD) is used, where the alpha
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value was decided as one resulting in three levels, lowest (-1), middle (0) and highest (+1).
This design is more specifically known as Central Composite Face Centred Design (CCFD).
Using the Central Composite Face Centred Design (CCFD), all the experiments were carried
out based on a 2* full factorial design for the four identified design independent variables,
namely; pyrolysis temperature, °C (X;), heating rate, °C/min (X3), holding time, min (X3),
and Nitrogen flow rate, ml/min (X4). According to the preliminary results, three levels were
selected as low -1, centre 0 and high +1 level. The total number of experimental runs was
determined by the simple formula [30 = 2" +2n +6], where n is the number of independent
variables, in this study n equals to 4, 16 factorial points are included in the 2* full factorial

CCFD and were augmented with 6 replicates at the centre point for the pure error.

The responses selected for full analysis of coconut shell char fillers were pH value and t-plot
surface area. Whereas, the responses used in the sludge char RSM design were pH value, t-
plot surface area and surface acidic groups. The design variables range are namely, X; [400
and 800°C], X; [5 and 15°C/min], X3 [0 and 180min], and X4 [100 and 1000ml/min]. Thus
600°C, 10°C /min, 90min, and 550mL/min for X;, X;, X3, and X4 respectively, as the zero

level in this design was the central value (Table 3-4).

Table 3-4 Variables and their levels used in the experimental design

Range and levels

Variables Symbol coded [ ow level High level
Centre (0)
-1) (+1)
Temperature (°C) Xy 400 600 800
Heating rate (°C/min) Xs 5 10 15
Holding time (min) X3 0 90 180
N flow rate (ml/min) X4 100 550 1000

The statistical software Design Expert 8.0 (Stat-Ease Inc., Minneapolis, USA) was utilized

for the experiment design, regression and graphical analyses of data obtained, statistical
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analysis of the model to evaluate the analysis of variance (ANOVA) and the final

optimization.

3.3.1.6 Post-pyrolysis Grinding by Wet TEMA Milling

All the char samples after the pyrolysis were ground by wet TEMA milling using a vibratory
disc mill (Tema Machinery Company Ltd, UK). TEMA milling is steady and smooth,
suitable for the extremely quick, loss free and reproducible grinding of medium-hard, brittle
and fibrous material. It is also widely known that wet milling is considered more intensive
and efficient than dry grinding. The energy provided by the mill acts on the solids suspended
in distilled water to crush them, reducing them in size. It can break the char samples into finer
particles in the micron & submicron (or nanometer) particle size. As a result, smaller particle
size can be expected and guaranteed by wet milling. Additionally, it has been found that there
is a trend in wet grinding which is clearer and follows an unvarying pattern. Whereas, the
trend in dry grinding is vague and uncontrollable (maybe due to the heat generated during
grinding with the oily sample). In other word, wet milling can cost-effectively create
uniformly fine particles with limited or no contamination (Retsch, 2017). Based on several
pre-tests, the optimum condition for wet TEMA milling were confirmed as 1:1 liquid and
solid ratio, 1.5 minutes grinding time. Further milling afforded no change to the particle size
of the char sample. After the milling process, the wet samples were dried at 105°C for 24
hours until constant weight. The dried samples were then lightly crushed to form powder

suitable for further characterization tests.

3.3.2 Characterization Methods

3.3.2.1 Textural Characterization

Surface area and pore size distributions of the samples were characterized by liquid nitrogen
(at 77K) adsorption and desorption method using the OMNISORP 100. In each test, the
sample size of around 0.25g was accurately weighed into a glass sample tube. Before gas
adsorption measurements, the samples were firstly degassed under vacuum conditions at
423K for a period of at least 4 hours until the pressure falls below 107 torr. Subsequently, the
adsorption and desorption was conducted and the isotherm was obtained. Nitrogen adsorption

isotherm was determined over a relative pressure (P/Py) range from 0.0001- 0.95. Then the
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BET surface area can be calculated with the isotherms by using the Brunauer—Emmett—Teller
equation (See section 1.4.3.2). Slight adjustments of the region boundaries were made to

ensure R?>0.9999.

The t-plot method was used to find the micropore volume and the combined macropore and
mesopore surface area. The significant surface areas were concluded from the difference
between the BET surface area and the macropore and mesopore surface area and used to
establish the relationship between pore size distribution and rubber uptake capacity of the

fillers.

3.3.2.2 Toluene Extraction

ASTM D 1618-99 (Standard Test Method for Carbon Black Extractables - Transmittance of
Toluene Extract) was applied for the toluene extraction test (ASTM, 2004). This test method
covers the measurement of the degree of toluene discolouration by carbon black extractables

and is useful in controlling the reaction process for the production of carbon black.

An adequate amount of filler sample was dried at 125°C for 60 minutes to constant weight in
a gravity-convection oven before test. After the sample is cooled to room temperature in a
desiccator, 2.00g of sample was transferred to a 125 cm’ Erlenmeyer flask with a ground-
glass stopper. To which 20cm’ toluene was added to the sample and then the mixture was
shaken vigorously without delay for 1 minute. The mixture was immediately poured as
quickly as possible into the glass funnel with a filter paper in a second flask. After the
filtration 1s complete, the flask needs to be stopped until ready to test. A visible
spectrophotometer is adjusted to read 100% at the 425-nm wavelength when the cuvette with
pure toluene is analysed. A portion of filtrate from the stoppered flask is poured into a clean
cuvette which is placed into the spectrophotometer and the percent transmittance obtained at

425 nm to the nearest 0.1% is measured.
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3.3.2.3 pH Value

Test Method A — Boiling Slurry of ASTM D1512-05 Standard Test Method for Carbon Black
— pH value (ASTM, 2012) was applied in this pH value test. This test is used to indicate the
pH of the filler sample surface by measuring the pH of water in contact with the carbon black
because the surface pH value of a carbon black can affect the vulcanization of some rubber

compounds.

Firstly, 5g of fine filler sample was weighed into a 100 cm’ glass beaker and 50 cm’ of
boiling, distilled water was added. The glass beaker was covered with a watch glass and the
mixture boiled for 15 minutes on a hotplate. A standardized electrode of pH meter was then

placed in the sludge and rotated gently in alternate direction until a constant pH was obtain.

3.3.2.4 Boehm Titration

The Boehm titration is used in the project as a chemical method to investigate acidic and
basic surface groups on carbon materials (Boehm, 1994). During the process, approximately
1.5g of char sample was added to 50.00 mL of one of three reaction bases of 0.05 M
concentration: NaHCO3, Na,CO; and NaOH. Then the mixed samples were shake for 24
hours and filtered to remove the carbon. Aliquots of 10.00 ml were taken by pipette from the
samples. The aliquots of the reaction base NaHCO; were then acidified by the addition of
20.00 mL of 0.05 M HCI, the aliquots of the reaction base Na,CO3; were mixed with the
addition of 30.00 mL of 0.05 M HCI, to ensure complete neutralization of the base, which
requires two protons. The acidified solutions were then back-titrated with 0.05 M NaOH. The
aliquot of the NaOH reaction base was acidified by the addition of 20.00 mL of 0.05 M HCI
and was back-titrated with 0.05 M NaOH. In all cases, CO, was removed from solution
immediately by sparging the sample the sample with nitrogen gas for 1 hour before the

titration (Goertzen et al., 2010).

3.3.2.5 Transmission Electron Microscopy

The microstructure (size and morphology) of the selected char filler samples was analysed

through Transmission Electron Microscope (TEM). A high energy beam of electrons is
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transmitted through an ultra-thin specimen, interacting with the specimen as it passes
through. A significantly high resolution image is formed from the interaction of the electrons
transmitted through the specimen; the image is magnified and focused onto an imaging
device. Chemical information can also be obtained from TEM. Images of the selected chars
in ethanol were obtained using TEM-2100 Plus Electron microscope in Material Department

at Imperial College London, using x100, x4000 and x20000 magnification.

3.3.3 In-rubber Testing

Styrene-Butadiene Rubber (SBR) is a group of synthetic rubbers derived from styrene and
butadiene (Pilla, 2004; Thomas & Maria, 2016). It is widely applied in tyre treads, as it
provides wet skid and traction properties, as well as good abrasion resistance and good aging
stability when protected by additives (Rodgers & Waddell, 2005). It is reported that more
than 5.4 million tonnes of SBR were processed worldwide in 2012 (Arun et al., 2014). Itis a
commodity material which competes with natural rubber. The chemistry of SBR is very
attractive, with different forms used for different purposes. The most common use of SBR is
in pneumatic tyres with around 50% of car tyres being made from a range of types of SBR.
The properties of the polymer is determined by the ratio of styrene and butadiene; with high
styrene content, the rubbers are harder and less rubbery (Markovic & Visakh, 2016). It is also
used by speaker driver manufacturers as the material for Low Damping Rubber Surrounds.

Additionally, it also can be used in some rubber cutting boards (Zsigmond, 2016).

A widely used generic SBR formulation, shown in Table 3-5, was applied in the
compounding process to investigate the performance of the char filler in rubber. Compounds
were produced using a 60cc Brabender mixer set at 40°C and 60rpm, following the procedure

detailed in Table 3-6.

After compounding, the Moving Die Rheometer (MDR) test was conducted based on ASTM
D5289, at 160°C for 30 mins. The results of the MDR were used to evaluate the cure
characteristics of each compound and to allow preparation of cured sheet using a cure time of
T90 + 5 minutes. Surface roughness maps (X250 magnification) were generated using a
Hitachi TM3030 SEM fitted with an annular multi-segmented back-scattered electron

detector to illustrate the dispersion property of the char fillers. Shore A hardness was tested
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according ASTM D2240. Tensile Properties were determined following ASTM D412. Strain
sweeps for Dynamic Mechanical Analysis (DMA) were conducted in tension at 40°C, 10Hz
and double strain amplitude (DSA) range of ~ 0.06 to 6%. The in-rubber tests were
conducted by Artis Limited (Melksham, UK.)

Table 3-5 SBR formulation

Ingredient Past per hundred of rubber
SBR 1502 100
Char filler 60
TDAE Oil 10
Zinc Oxide 5
Stearic Acid 2
6PPD 1.5
TBBS 1.5
Sulphur 1.5

Table 3-6 Mixing procedure

Time (mins) Step
Masterbatch Cycle

/ Add polymer
0 Ram Down

0.5 Powders/Oil
1 Ram Down
2 Ram Bump
3 Ram Bump
5 Dump

Conversion Cycle

/ Add Masterbatch

0 Ram Down
0.33 Add Curatives
0.5 Ram Down

2 Dump
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3.3.4 Scanning Electron Microscopy

A Scanning Electron Microscope (SEM) (Auriga Cross Beam, Zeiss) was used to examine
the surface morphology of the char filler filled rubber sample and to investigate the
interaction between the char filler and rubber matrix. This is an important feature of the
rubber to understand, since it indicates the mechanism of the char filler with the rubber
matrix. Before the SEM, all the rubber samples were grounded using a liquid nitrogen Cyro-
mill (CyroMill, Retsch) into fine powder to fulfil the size requirement of the SEM. All the
samples were subsequently examined in the SEM under the secondary electron mode. It is
reported that secondary electrons can knock electrons out of their orbits around an atom and
finally escape from the sample with enough energy. The backscattered detectors produce an
electron micrograph showing the difference in average atomic mass between the phases, and
secondary detectors produce topographical micrographs of the sample (Bowen and Hall,
1975). Prior to SEM tests the sample surface were coated with a thin layer of gold to make

them conductive.

3.3.5 Oil Calorific Value Analysis

Calorific value is a measurement of the heat released by a sample when burnt with oxygen in
an enclosed combustion capsule (Parr Instrument Company, 2007). This information is very
helpful when analyzing the energy balance of the process and when trying to determine

whether the pyrolysis oil can be used to heat the system.

The calorific value analyses of pyrolysis oil from coconut and sludge was determined using a
Parr 6100 Bomb Calorimeter, which is shown in Figure 3-5. Before the test, the equipment
was calibrated with benzoic acid to determine the heat capacity of the calorimeter. Around
0.5 £ 0.001g of oil sample was placed and ignited in a bomb surrounded by water. The heat
evolution resulted in a raised water temperature of the system, which was recorded. The
calorific value of the oil sample per unit weight is calculated by multiplying the temperature
change with the heat capacity of the calorimeter and diving by the sample’s weight, which
was automatically reported by 6100 calorimeter in the unit of MJ/kg. Each sample was tested

in triplicate.
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Figure 3-5 Parr 6100 Calorimeter

3.4 Summary

In the following chapters, the methods described above will be applied to evaluate the
feedstock, develop and evaluate the char fillers, which will be applied as sustainable

substitutes for carbon black in rubber.
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Chapter 4 Coconut Shell Derived Char Fillers

The following results and discussion considers the study of the char filler derived from
coconut shell. Firstly, the thermal behaviour, physical and chemical composition and the
pyrolysis conditions of the coconut shell feedstock was identified through Thermal analysis
and CHNS tests. Secondly, the production of the coconut shell char fillers through various
pyrolysis temperatures, heating rates, holding times and nitrogen flow rates are discussed.
Finally, the characteristics and application of the coconut char fillers were investigated in

rubber testing.

4.1 Characterisation of Coconut Shell

4.1.1 Thermal Analysis of Coconut Shell

4.1.1.1 TGA-DTG Curves

It is well established from the literature that biomass can be converted into char by controlled
thermal decomposition. Several steps are involved in this conversion: (1) up to 150°C, the
desorption of adsorbed water takes place, (2) between 150°C and 260°C, structure and bound
water splits up, (3) between 260°C to 400°C, water, CO and CO, will be released from chain
scissions or depolymerisation and the breaking of C-C bonds within carbon rings, (4) above
400°C, the graphitic layers start to form due to aromatization reaction and (5) above 800°C,
decomposition and the 1% stage carbon rearrangement reactions are almost finish with the

carbon template structure as residues.

The thermal behaviour (TG and DTG analysis) of coconut shell is presented in Figure 4-1.
According to the TGA plots, around 20% of “char yield” can be achieved by the coconut
shell sample, irrespective of the real composition. The remaining residue is composed of
fixed carbon (“carbon black™), some inorganic materials, and the carbonisation residue from
the pyrolysis process as well (Kim & Park, 1995). There is a systematic order for the
breaking down of some main components of biomass: 200 - 800°C (hemicellulose), 260 -

350°C (cellulose) and 280 - 500° (lignin) (Singh et al., 2009).
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Figure 4-1 TG and DTG curves of coconut shell under N,

It can be seen from the TGA plot (Figure 4-1) of coconut shell that 80 % of the total weight
loss occurs between 250°C and 400°C, which may vary between 40% lignin to about 80%
cellulose based on the evolution of H,O, CO and volatile hydrocarbons from the
fragmentation reaction of the polyaromatic components (Qian et al., 2004, Jain & Tripathi,
2014). It was reported by Cagnon (2004) that the coconut shell used in their study was
composed of 35%wt. hemicellulose, 15%wt. cellulose and 50%wt lignin. Every valley on the
DTG plot indicates a weight loss. It can be clearly observed from the DTG curve that there
are three major weight loss stages occur during heating. As a result, the decomposition
process of coconut shell can be divided into four regions associated with the effects described

on the DTG and TG curves, which have been annotated as region A- D in Figure 4-1:

Region A, from room temperature to around 130°C, attributed to the removal of moisture

content and hydrated compounds (Li et al., 2008, Cao et al., 2004).

The main pyrolysis took place between 250°C to 600°C. In this interval, two distinct peaks

on the DTG curve can be seen clearly, which have been identified as Region B and Region C.
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Region B, from approximately 200°C to 310°C with a peak in the DTG curve at around
280°C, indicates weight losses associated with the decomposition of the volatile constituents
such as hemicelluloses and the partial breakdown of lignin (Orfao et al., 1999, Haykiri-Acma
et al., 2010).

Region C, from 310°C to 400°C with the peak at around 345°C, represents mainly the lignin
loss and cellulose loss, which can be regarded as the further degradation of hemicellulose
(Gani & Naruse, 2007, Williams & Besler 1996, Cagnon et al., 2009). Since the lignin
decomposition occurs at a wide range of temperature from 400°C to 600°C, the lignin loss
happens in both Region C and Region D (Grenli et al., 1999, Orfao et al., 1999). According
to Cagnon (2009), higher lignin content and higher char yield are obtained at the same time
which means that in the present study lignin can be regarded as the main contributor to the

final char yield.

In region D, at temperature above 500°C, the pyrolysis is essentially completed and further
weight loss may be attributed to in-char structure rearrangement and the lignin decomposition
with the occasional transformation of ash forming inorganics (San Miguel, 1999). According
to Xie et al. (2009), the low decomposition rate of lignin can be attributed to its high level of
aromaticity. No sharp decrease in weight was observed at later stages indicating that the
inorganics have not melted or transformed dramatically at this heating rate (Haykiri-Acma et
al., 2010). The DTG curve flattens and fluctuates very slightly to around the zero change
value at around 600°C. It was confirmed by Cao et al. (2004) and Ning et al. (2006) that this
temperature is suitable for carbonisation, given that the decomposition reactions are almost

finished once this point has been reached.

Compared with the TG plots of the thermal analysis of several types of other woody biomass
reported by Grenli et al. (2002), the thermal behaviour of coconut shell was found to match
that of hard woods. This indicated that higher a lignin content can be expected compared with
soft woods such as willow and redwood, which means that a higher carbon yield can be

obtained from coconut shell char.
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4.1.1.2 Proximate Analysis

The proximate analysis, determined according to the methodology described in Section
3.3.1.2 provides information on the compositions of the materials, such as moisture content,
volatile matter content, ash content and fixed carbon content. Filled polymers, especially
containing inorganic additives such as Al(OH); and CaCOs for fire-retardant materials, are
often estimated by the proximate analysis. During the decomposition process, several stages
may appear on the plot. However, the residue at high temperature is always characteristic of
the filler (Haines, 1995). Volatile matter components within the biomass can be liberated at a
high temperature. High volatile content in biomass generally correlates to a high oil yield
after thermal decomposition, while the char yield is related to the solid residue. Biomass
typically consists of up to 80 — 90% of volatile content (including water content), and ash
content ranging from 0.5 — 40% within rice husk and milfoil, respectively (Bakisgan et al.,
2009; Demirbas, 2004). The pyrolytic char contains two parts: fixed carbon (to become the
carbon black substitute) and ash. By subtracting the percentage of moisture, volatile content

and ash from the original mass of the biomass, the fixed carbon content can be determined.
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Figure 4-2 Proximate analysis of coconut shell
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The proximate analysis result of coconut shell is shown in Figure 4-2. Similar thermal events
to those in Figure 4-1 are evident. Between 20°C to 107°C the weight is lost due to removal
of the 5% moisture content. As the temperature increased from 105°C to approximately
950°C, the loss of volatile matter content caused the sharp weight loss. About 75% of the
coconut shell composition converts to volatile matter. In order to measure the fixed carbon
(“potential carbon black™), the temperature is reduced to 600°C with the gas flow being
switched to air. The remaining mass of material corresponds to the mineral ash content of the
sample. The “potential carbon black” content within the coconut shell sample is around 20%
of the total weight, whereas the ash content is only 0.2%. Given that commercial carbon
black is made up by more than 95% of elemental carbon, this result was very encouraging as
there is a high “potential carbon black™ content and low ash content suggesting that coconut

shell could be a suitable feedstock for a sustainable char filler.

4.2 Overview of Pyrolysis

The char yield, oil yield and gas yield from the pyrolysis process have been shown in Table
4-1. The data shown in Table 4-1 demonstrates that the char yield from coconut shells after
pyrolysis ranges from 28.7 — 42.8 wt.%. This is a good yield and very encouraging in terms
of the potential commercial opportunity for coconut shell to be used as a feedstock to produce
a substitute carbon black. The oil yield from coconut shell pyrolysis was between 13.6 — 22.6
wt.%, which is beneficial, since the objective of this project is to produce char fillers, rather
than oil. However, the gas yield is relatively high (38.0 — 57.7 wt.%). The implication of this
high gas yield will be discussed later in Chapter 6.
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Table 4-1 Char, oil and gas yield from pyrolysis

Temperature Heating rate Holding time N, flowrate ~ Char yield  Oil yield Gas yield

Run ( °C) ( °C/min) (min) (ml/min) (%) (%) (%)
1 800 5 180 1000 30.9 17.0 52.1
2 800 15 0 1000 292 14.4 56.4
3 600 10 90 550 315 15.8 527
4 400 15 0 100 394 14.4 46.2
5 800 5 0 100 30.3 22.6 47.1
6 600 5 90 550 326 20.5 46.9
7 400 15 180 1000 36.2 13.7 50.1
8 600 10 90 100 315 16.6 51.9
9 600 10 90 550 315 15.3 532
10 400 15 180 100 36.7 15.9 474
11 800 10 90 550 29.8 16.5 537
12 800 15 180 100 29.1 14.5 56.4
13 400 5 180 1000 387 15.4 459
14 800 5 180 100 30.7 20.7 436
15 800 15 180 1000 28.7 13.6 577
16 600 15 90 550 302 14.1 55.7
17 600 10 90 550 316 16.0 524
18 600 10 90 550 327 16.0 51.3
19 400 5 0 100 425 19.5 38.0
20 600 10 90 550 314 15.9 527
21 800 5 0 1000 313 16.6 52.1
22 600 10 0 550 31.6 16.4 52.0
23 600 10 90 1000 31.6 16.0 523
24 600 10 180 550 315 15.8 527
25 400 15 0 1000 39.9 14.2 459
26 600 10 90 550 31.6 16.7 517
27 400 5 0 1000 4238 17.5 39.7
28 400 5 180 100 388 205 40.7
29 800 15 0 100 39.4 15.6 45.0
30 400 10 90 550 385 15.1 46.4
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Perturbation plots have been constructed from the data presented in table 4-1 shown in Figure
4-3, where A represents pyrolysis temperature, B is heating rate, C is holding time and D is
Nitrogen flow rate. The perturbation plot is applied to show the comparative effects of all
independent pyrolysis factors on the char yield. The sharper the curvature of the variable, the
more sensitive the response to the variable. The sharp curvature of the temperature indicates
that the response (char yield) was very sensitive to temperature. For example, a high
pyrolysis temperature mainly results in a low char yield. The comparatively flat heating rate,
holding time and nitrogen flow rate curves presents a result of less sensitivity of char yield
towards these variables. For example, Run27 with the highest char yield was produced at a
lower temperature (400°C) and zero dwell time. The reason for this observation was due to

incomplete pyrolysis of the coconut shell. The other parameters have little impact upon char

yield.
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Figure 4-3 Perturbation plots with four pyrolysis parameters on char yield

4.3 Characteristics of Commercial Carbon Blacks and Char Fillers

Table 4-2 summarises the transmittance of toluene extract (T%), pH value, BET surface area,

T-plot surface area and acidic groups and basic groups on the surface of both commercial
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carbon blacks tested in this research, plus the coconut char fillers produced under the RSM
procedure. The detailed results for the coconut char is presented in the RSM analysis in Table

4-3.

Toluene is a non-polar solvent, meaning that the leachable and unburned tarry or oil-residues
on the surface of carbon black or the char can be dissolved into it. Thus, this is toluene
transmittance correlates to the amount of tarry or leachable contents in the carbon black. This
is very important for potential applications, since the presence of a high leachable (oily)
content may cause contamination during processing into rubber or other applications and
present problems in the appearance and performance of the final rubber products. As can be
seen from Table 4-2, the toluene transmittance of N772 is 65.9%, which indicates that a
significant amount of leachable components exist within N772. Although the result is
acceptable, this has a limiting effect on the purposes to which N772 can be applied. In
comparison, the T% of the N330 is much higher than N772, with a value of 99.5% which is
typical of a high-grade carbon black which has little surface contamination. According to the
data for the coconut chars in this study, it can be seen that all of the char samples have
toluene transmittance values similar to N330 indicating that they are free from tarry residues

and based upon this metric are comparable with high quality carbon black.

It is widely known that the T-plot surface area refers to the area of the meso and macro pores
on the surface of absorbent (Do, 1998). Pores within solids are classified into three size
ranges: Micropores (<2nm width) Mesopores (<2nm - <50nm with) and Macropores (>50nm
width). Normally, if the pores (micropores and small mesopores) are significantly smaller
than the very large (normally macro-pore size) rubber polymer chains, then the polymer
molecules cannot access these pores. Therefore, the presence of many small pores may
increase the surface area of the material, but not benefit the ability of the polymer to enter the
carbon pores and in-turn not improve the reinforcement ability of the char. As a result, unlike
micro-pores present in activated carbon, meso and macro pores may play the decisive role on
the filler surface. From Table 4-2, the whole surface area (area of all pores) of N772 and
N330 are 28.5 m*/g and 71.5 m?/g respectively, while the area of meso & macro pores is 26.6
m’/g and 69.7 m?*/g.
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Table 4-2 Characterization of carbon black and char filler

Run o oH value BET surzface area t-plot suzface Acidic groups Basic groups
(m/g) area(m’/g) (mmol/g) (mmol/g)
1 99.43 5.52 7.76 7.05 1.278 0.168
2 99.77 9.78 304.89 141.57 0.008 0.430
3 99.90 9.94 301.89 118.82 0.170 0.210
4 100 8.97 205.83 130.27 0.265 0.258
5 99.91 9.74 323.14 118.76 0 0.457
6 99.93 9.67 247.43 202.80 0.003 0.329
7 99.57 6.22 ND’ ND 1.200 0.168
8 99.95 9.75 291.65 157.87 0 0.303
9 100 9.65 313.13 135.67 0.188 0.263
10 100 6.15 5.96 5.64 1.123 0.133
11 100 9.56 316.02 125.46 0.132 0.318
12 99.95 9.93 118.47 57.91 0 0.533
13 99.5 6.05 6.18 4.14 0.933 0.160
14 99.67 9.86 90.60 114.46 0 0.082
15 99.98 9.69 ND ND 0 0.482
16 99.91 9.67 188.79 87.88 0 0.486
17 99.85 9.72 276.14 143.16 0 0.347
18 100 9.56 301.89 168.22 0.170 0.210
19 99.94 9.82 351.67 292.24 0.049 0.354
20 99.95 9.70 373.31 315.86 0.062 0.316
21 99.34 5.39 ND ND 1.417 0.133
22 99.91 9.74 203.41 222.51 0.050 0.442
23 99.16 5.25 1.66 0.93 1.249 0.163
24 99.97 9.72 356.28 295.99 0.067 0.332
25 99.96 9.82 346.35 318.16 0 0.440
26 99.79 9.81 227.16 187.74 0.033 0.486
27 99.30 5.49 3.51 4.02 1.233 0.135
28 99.89 5.95 13.08 7.72 1.065 0.120
29 100 9.67 310.27 91.08 0 0.417
30 99.58 5.77 4.94 2.94 1.203 0.205
Coconut
char filler 99.1-99.9 53-99 4.9-346.3 29-3182 0-0417 0.120-0.533
N772 65.9 8.5 28.5 26.6 0 0.079
N330 99.5 8.9 71.5 69.7 0.81 0.08
"ND = No data
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The results indicate that meso and macro pores occupied most of the surface area of carbon
black, which reaffirms previous statements about the importance of these pores in carbon
black’s application in the rubber industry. The surface area data of the coconut char samples
follow the same trend as the commercial carbon blacks, although the surface areas are much
greater for some of the samples. This data further supports the assertion that char samples can
be used as an alternative rubber filler. For example, sample Run 20 and Run 21, which were
produced from different conditions. The BET surface area for Run 20 and Run 21 are
373.31m%/g and 346.35m?/g, whereas the t-plot surface area are 315.86m?/g and 318.16m%/g
respectively. It can be asserted from this result that the meso-pores contribute the majority of

the surface area of the char samples.

Another important property of the filler is the surface pH value. It has been recognized that
basic materials may accelerate vulcanization reactions whilst acidic ones may delay the
vulcanization time of a rubber compound (ASTM, 2012; Boehm, 1994). Further, there is a
correlation between the extent of free radicals of oxygen (hydrogen and hydroxyl etc.) on the
surface of carbon black and the pH value. Free radicals can be helpful in the bonding process
between rubber and fillers (Eirich et al., 1994). According to the above, a solution pH value
close to 9 makes N772 and N330 better fillers for a wide range of application due to the
reasonable vulcanization time and ideal amount of free radicals. It also can be implied that
this higher pH value is generally beneficial towards the performance for all commercial
carbon blacks and hence substitute carbon-based fillers too when applied within a rubber
matrix. The pH value of many of the char samples was close to 9, which also supports the
proposition that coconut shell could be a promising feedstock for rubber fillers. High
numbers of surface group may make the carbon surface more active when mixing with the
rubber matrix. The surface chemical groups on the surface of char filler are much more
plentiful than the commercial carbon black, which may lead to a better interaction and hence

reinforcement from coconut shell char.
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4.4 RSM Process Optimization

The optimization in this research was conducted by using the pH value and t-plot surface area

as response metrics.

4.4.1 Char Filler pH Value Response Analysis

4.4.1.1 Statistical Analysis

After completion of the 30 RSM experiments, the next stage was to produce a prediction
model to assess the interaction among the design experimental variables and then optimize
the pyrolysis process which would determine the local optimum design factors for the

selected pH value of 9 and largest t-plot surface area.

The quadratic polynomial model has been chosen in this research for estimating the response

surface of pH value, which is given in the equation:

4 3 4 4
Y, = Bo+ Z Bix; + Z Z Bijxixj + Z Biix{
i=1 i=1

i=1j=i+1
Where Y, is the pH value of char filler, 3, is the value of the fixed response at the center

point of the design, B;, Bij, and B;; are the linear, interactive, and quadratic coefficients,

respectively. x; and x; are the independent design variables.

4.4.1.2 Optimization of Pyrolysis Process on pH Value and Interaction between Independent
Variables

The statistical design factors in both code and actual value as well as the experimental

response and predicted values on pH value of char filler are all summarized in Table 4-3.
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Table 4-3 Experimental design matrix with experimental and predicted values

Temperature Heating rate Holding time N2 flow rate pH value t-plot surface area
°C °C/min min ml/min m/g
Run X, X, X, X, Y Y,
e valve i v vae e vae e dm | Predeeddsa CPEEE preced g

1 -1 400 1 15 -1 0 -1 100 5.52 5.37 7.05 21.70
2 1 800 1 15 -1 0 1 1000 9.78 9.68 141.57 152.80
3 0 600 0 10 0 90 0 550 9.94 9.66 118.82 184.51
4 0 600 0 10 -1 0 0 550 8.97 9.13 130.27 136.82
5 1 800 -1 5 -1 0 -1 100 9.74 9.71 118.76 134.52
6 0 600 -1 5 0 90 0 550 9.67 9.73 202.80 265.04
7 -1 400 1 15 1 180 1 1000 6.22 6.18 ND’ ND

8 0 600 0 10 0 90 -1 100 9.75 9.84 157.87 195.39
9 0 600 0 10 0 90 0 550 9.65 9.66 135.67 184.51
10 -1 400 1 15 1 180 -1 100 6.15 6.21 5.64 41.50
11 0 600 0 10 1 180 0 550 9.56 9.53 125.46 106.38
12 1 800 1 15 1 180 -1 100 9.93 9.90 5791 31.86
13 -1 400 -1 5 1 180 1 1000 6.05 6.04 4.14 17.82
14 1 800 -1 5 1 180 -1 100 9.86 9.80 114.46 105.08
15 1 800 1 15 1 180 1 1000 9.69 9.75 ND ND
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Table 4-3 Experimental design matrix with experimental and predicted values (continued)

16 1 800 0 10 0 90 0 550 9.67 9.80 87.876 101.37
17 0 600 0 10 0 90 0 550 9.72 9.66 143.16 184.51
18 0 600 0 10 0 90 0 550 9.56 9.66 168.22 184.51
19 0 600 0 10 0 90 1 1000 9.82 9.86 292.24 242.19
20 0 600 0 10 0 90 0 550 9.70 9.66 315.86 184.51
21 -1 400 1 15 -1 0 1 1000 5.39 5.46 ND ND
22 1 800 -1 5 1 180 1 1000 9.74 9.75 222.51 206.30
23 -1 400 -1 5 -1 0 -1 100 5.25 5.25 0.93 0
24 0 600 1 15 0 90 0 550 9.72 9.79 295.99 221.24
25 1 800 -1 5 -1 0 1 1000 9.82 9.78 318.16 286.98
26 0 600 0 10 0 90 0 550 9.81 9.66 187.74 184.51
27 -1 400 -1 5 -1 0 1 1000 5.49 543 4.02 28.46
28 -1 400 -1 5 1 180 -1 100 5.95 5.98 7.72 -5.08
29 1 800 1 15 -1 0 -1 100 9.67 9.70 91.08 82.10
30 -1 400 0 10 0 90 0 550 5.77 5.78 2.94 0
"ND = No data
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The regression equation characterizing the influence of different considered variables on pH

value was concluded to be:

Y; =9.66 + 2.01X; + 0.033X, + 0.20X;5 + 0.01X, — 0.033X;X, — 0.16X;X5 — 0.028X;X,
+ 0.027X,X3 — 0.024X,X, — 0.031X3X, — 1.87X% + 0.1X3 — 0.33X2
+ 0.19X3
Equation 1
Within this equation, a positive sign in front of the terms indicate a synergetic effect, whereas
a negative sign indicates an antagonistic effect. Using the Pareto chart in Figure 4-4, the main
and interaction effects of all the parameters to the response pH value can be interpreted more
easily. According to the plot, the effect of pyrolysis temperature, the holding time and the
quadratic effect of N, flow rate have highly significant positive influences on the char filler
pH value. This means that with increasing pyrolysis temperature and holding time, the pH

value increases. The N, flow rate has a relatively low significant positive effect on pH value.
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Figure 4-4 Pareto chart showing the effects of different independent variable on pH value

4.4.1.3 Statistical Analysis and Validation of Model

The validation of the fitted model was estimated and its statistical significance was
determined by an F-test, which is an essential part of Analysis of Variance (ANOVA). It is

often used to determine the fitness of the statistical model to the sampled data through

100



Chapter 4 Coconut Shell Derived Char Fillers

comparing if two populations having normal distribution have the same variances or standard
deviation (Reviews, 2016). The Analysis of variance (ANOVA) for the response surface full

quadratic model is presented in Table 4-4.

Table 4-4 Analysis of variance of the fitted quadratic regression model

Source Sum of Squares  Mean Square ~ F-value  P-value Remarks
Model 99.79 7.13 460.92  <0.0001 significant
Residual 0.23 0.015 - - -
Lack of Fit 0.15 0.015 0.84 0.6227  not significant
Pure Error 0.087 0.017 - - -

It can be seen that the model (see Equation 1 above) is highly statistically significant at 95%

confidence level, with an F-value of 460.92, and very low probability P value of <<0.0001.
The values of the determination coefficients R? and Rgdj, which measure the model fitting

reliability, were calculated to be 0.9977 and 0.9955, respectively. This indicates that about
99.77% of the variance is attributed to the variables and suggests a high significance of the
model. Therefore, only 0.0023 of the total variations is not fit for the model which ensures
good alignment of the model with the experimental data. Confirmation of the adequacy of the
regression model can also be assured by the good agreement between the experimental and
predicted values of response pH value as shown in Table 4-3. The actual char pH value
ranged from 5.25 to 9.94, while its corresponding predicted values are between 5.25 and 9.90.
The difference between the level of the desired signal and the level of the background noise
can be determined by the noise ratio. The large noise ratio indicates significant difference
between the sample mean and the model value. It is reported that a noise ratio greater than 4
is desirable, which indicates that the difference is more than 4 times the size of the standard
error (Frost, 2016). The ratio of 52.742 in this analysis implies an adequate signal and also
indicated that this model is reliable and can be used to guide the design process. The lack of
fit test is determined by comparing the viability of the current model residuals to the
variability between observations at replicate setting of the factors. The lack of fit F-value of

0.84 implies this is not significant relative to the pure error. There is a 62.27% chance that a
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lack of fit F-value this large could occur due to noise. Non-significant lack of fit is good,
which suggests that all the systematic variations have been accounted for in the hypothesized

model (EI-Gendy et al., 2013).

The relationship between predicted and experimental values of the pH value of char fillers is
presented in Figure 4-5(a). It is obvious that the correlation between the predicted and
experimental values is high, indicating that the predicted and experimental values were of
reasonable agreement. The data fits well using the model and a powerful estimate of response
for the system with the experimental range can be achieved. The normal probability plot of
the standardized residuals for pH value is shown in Figure 4-5(b). If the residuals follow a
normal distribution, the points will show a straight line in the normal probability plot. Given
that some scattering may occur even with the normal data, as can be seen in Figure 4-5(b), it
can be assumed that the data is a normal distribution. As a result, a good validity for the
approximation of the quadratic regression model can be assumed by the obtained normal

probability plot.
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4.4.1.4 Interaction among Parameters Influencing Pyrolysis Process and pH Value

The empirical predicted quadratic model for response pH value in terms of process variables
(temperature, heating rate, holding time and nitrogen flow rate) have been plotted in three-
dimensional diagrams, shown in Figure 4-6. The red points represent the extreme value on
each edge and the centre point. This enables the study of the interaction among the variables
and to determine the optimum condition of each factor for optimum pH value. In this research
the optimum pH value is selected as 9, which was discussed earlier (Section 4.3), and is
considered to be a favorable pH value for the commercial reinforcing carbon blacks and the
coconut shell chars. Figure 4-6(a) shows the interactive effect of temperature and heating rate
on pH value at constant initial holding time of 90.00min and nitrogen flow rate at 550ml/min.
It is clearly shown that with the increase of pyrolysis temperature above <720°C, the pH
value increases. Figure 4-6(b) represents the effects of varying temperature and holding time
on pH value at a constant heating rate of 10°C and nitrogen flow rate at 550ml/min. It is
obvious that the initial temperature has a more powerful effect than holding time. However,
an increase in pH value occurred with an increase in holding time over the temperature range

from 400 to 720°C. Further increases in initial temperature did decrease the pH value.
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Figure 4-6 (a-f) Response surface plots of pH value, illustrating the interaction between two
variables: selected for temperature, heating rate, holding time and nitrogen flow rate
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Figure 4-6(c) shows the effect of both nitrogen flow rate and temperature on pH value at a
constant initial heating rate of 10°C/min and a holding time of 90min. A significant positive
impact is detectable; that is, the pH value increased with the increase of temperature below
720°C. Nevertheless, with the increase of nitrogen flow rate below 550 ml/min, the pH value

decreased. Then, after 550ml/min, the pH value increased with increasing nitrogen flow rate.

Figure 4-6(d), (e), (f) show the interactive effect of heating rate and holding time, heating rate
and nitrogen flow rate and holding time and nitrogen flow rate. According to the plot, the
effects on the three groups of factor are not as obvious (insignificant) compared to the groups

with temperature.

4.4.1.5 Optimization of Pyrolysis Process based on pH Value and Model Verification

The optimization process was carried out to determine the optimum value of pH value, using
the Design Expert 8.0 software. According to the software optimization step, the desired goal
for each operational condition (X; temperature, X, heating rate, X3 holding time, and X4
nitrogen flow rate) was chosen “within” the studied range. The response (pH value) was
defined as 9, to achieve the highest performance. The program combines the individual
desirability into a single number and then searches to optimize this function based on the
response goal. Accordingly, the optimum working conditions and respective pH value were
established, and the results are presented in Table 4-5. An additional experiment was then
performed to confirm the optimum results. As shown, the optimum pH value of 9 can be
achieved at a temperature of 550°C, 6.5°C/min heating rate, 85min holding time, and
585ml/min nitrogen flow rate. The desirability function value was found to be 1.000 for these
optimum conditions. The laboratory experiment agrees well with the predicted response value
8.97, with the standard deviation 0.0924 for validation of experiments. This indicates that
process optimization by CCFD was suitable and reliable to optimize pH value from the

coconut shell pyrolysis process.
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Table 4-5 Optimum condition solution for optimum pH value

Number Temperature Heating rate Holding time N, flow rate
) pH value Desirability

of trials (°C) (°C/min) (min) (ml/min)

1 546.45 6.46 83.26 585.27 9.0 1.000

2 546.11 11.21 89.81 562.70 9.0 1.000

3 540.69 5.44 172.21 881.70 9.0 1.000

4 560.77 6.40 7.31 988.80 9.0 1.000

5 542.57 5.47 171.99 221.34 9.0 1.000

4.4.2 Char Filler t-plot Surface Area Response Analysis

4.4.2.1 Statistical Analysis

The quadratic polynomial equation previously presented, was used to fit the response surface
of the t-plot surface area of char samples. The only difference being that Y; was substituted

for Y,, which is the t-plot surface area of char filler.

4.4.2.2 Optimization of Pyrolysis Process on t-plot Surface Area and Interaction between
Independent Variables

Based on CCFD analysis and experimental results, the statistical combinations of variables in
coded and actual along with the predicted and experimental response focusing on t-plot

surface area are presented in Table 4-3.

The regression equation for t-plot surface area of char samples characterizing the influence of

different considered variables on surface area can be concluded as:

Y, = 184.51 + 62.22X; — 21.90X, — 15.22X; + 23.40X, — 29.95X; X, — 17.51X,X;3
+ 19.58X;X, — 5.20X,X5 — 20.44X,X, — 12.81X3X, — 145.36X?
+ 58.63X3 — 62.91X2 + 34.28X2
Equation 2
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The Pareto chart, shown in Figure 4-7, was used to investigate the main and interaction
effects of all factors to the response t-plot surface area. Within the studied range of
experiments, the effect of pyrolysis temperature and the quadratic effect of heating rate have
a highly significant positive influence upon the char filler t-plot surface area. That is, with
increments of pyrolysis temperature, the t-plot surface area value increases. While the
quadratic effect of temperature and holding time have a highly significant inverse effect upon

the t-plot surface area values.
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Figure 4-7 Pareto chart showing the effects of different independent variable on pH value

4.4.2.3 Statistical Analysis and Validation of the Model

Table 4-6 shows the analysis of variance (ANOVA) for the response surface full quadratic
model (see Equation 2 above). The model F-value is 5.40 with values of "Prob > F" less than

0.0500, which implies that model terms are significant. The R? and Ridj were calculated to be

0.8345 and 0.6800, respectively. This suggests that approximately 83.45% of the variance is
attributed to the variables and indicated a high significance of the model. Confirmation of the
adequacy of the regression model was reflected also by the good agreement between
experimental and predicted values of response variables as shown in Table 6; the actual t-plot
surface area values ranged from O to 318.16 and the corresponding predicted values were

between 0 and 322.78m?/g, respectively. The noise ratio is 8.085, greater than 4, indicating
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that this model is reliable and can be used for further optimization. The "Lack of Fit F-value"

of 0.49 implies the “Lack of Fit” is not significant relative to the pure error.

Table 4-6 Analysis of variance of the fitted quadratic regression model

Source Sum of squares = Mean squares  F-value  p-value Remarks
Model 2.561E+05 18290.61 5.40 0.0012 significant
Residual 50791.21 3386.08 - - -
Lack of Fit 25087.68 2508.77 0.49 0.8435  not significant
Pure Error 25703.52 5140.70 - - -

The relationship between predicted and experimental values of t-plot surface area can be seen
from Figure 4-8(a). A reasonable agreement between the predicted and experimental values
can be confirmed by the high correlation. The normal probability plots of the standardized
residuals for t-plot surface area analysis is shown in Figure 4-8(b). The data is normally
distributed indicating that a good validity for the approximation of the quadratic regression

model.
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Figure 4-8 (a) Experimental values and predicted values for the model & (b) Normal probability
plot of the residuals

4.4.2.4 Interaction among Parameters Influencing Pyrolysis Process and t-plot Surface Area

Figure 4-9(a) shows the cooperative effect of temperature and heating rate at a constant
holding time of 90min and N, flow rate at 550ml/min. As shown in the plot, at low and high
temperatures, the t-plot surface area decreases. Figure 4-9(b) illustrates the interactive effect
of temperature and holding time on t-plot surface area at constant heating rate of 10°C/min
and N, flow rate at 550ml/min. The positive interactive effect of temperature and holding
time is obvious. The T-plot surface area is low at both low and high temperature and holding
time. It grows with the increasing temperature between 400 to 640°C and over holding time

ranges of 0 to 90 min.
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Figure 4-9 (a-f) Response surface plots of t-plot surface area, illustrating the interaction
between two variables: selected for temperature, heating rate, holding time and nitrogen flow
rate
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Figure 4-9(c) presents the interactive effect of temperature and nitrogen flow rate at a
constant holding time of 90min and heating rate of 10°C/min. It can be seen that the t-plot
surface area increases with the increase in temperature below 640°C. Figure 4-9(d) shows the
cooperative effect of heating rate and holding time on t-plot surface area at constant 600°C
temperature and 550ml/min N, flow rate. As shown in this plot, the t-plot surface area
increases with an increasing holding time until 90min. Figure 4-9(e) and (f) present the
interactive effect of heating rate and nitrogen flow rate and holding time and nitrogen flow
rate. The planar nature of the plots indicate that the effects of the two groups of factor on t-
plot surface area are not as influential as the interaction effects above, but more influential

than upon pH when compared to figures 4-6(e) and 4-6(f).

4.4.2.5 Optimization of Pyrolysis Process based on t-plot Surface Area and Model
Verification

According to the software optimization step, the response t-plot surface area was defined as
maximum to achieve the best char performance. The program combines the individual
desirability into a single number and then searches to optimize this function based on the
response goal. Accordingly, the optimum working conditions and respective t-plot surface
area are shown in Table 4-7. The maximum t-plot surface area which could be achieved is

~339.923m"/g, with the desirability function value to be 1.000.

Table 4-7 Optimum conditions solutions for t-plot surface area

Number Temperature Heating rate  Holding time N, flow rate t-plot surface
Desirability

of trials (°C) (°C/min) (min) (ml/min) area (m’/g)
1 635.01 5.4 444 656.74 321.85 1.000
2 639.99 6.18 65.14 823.85 326.02 1.000
3 638.69 5.69 58.69 794.36 339.92 1.000
4 600 5 90 550 32278 1.000
5 638.44 14.94 73.59 996.2 318.81 1.000
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4.5 Coconut Shell Derived Char Fillers In-rubber Tests

Based upon the physical and chemical properties obtained from the previously described
results, and the regression and optimisation results from RSM method, eight pyrolytic
coconut char fillers were selected to be mixed with an SBR rubber matrix and the
performance of the final rubber products evaluated using standard rubber testing
methodologies. The eight rubber samples tested contained char samples which had been
prepared from the optimum pyrolysis condition (600°C, 10°C/min, 90min, 550ml/min N);
from lowest and highest temperatures and char fillers that exhibited the “best” and the “worst”
performance according to the physical and chemical tests detailed in Section 4.3. The eight

pyrolysis conditions of the selected char fillers are shown in Table 4-8.

Table 4-8 Selection of coconut shell derived char fillers for in-rubber tests

Temperature Heating rate Holding time N, flow rate
Run
(°C) (°C/min) (min) (ml/min)
4 600 10 0 550
16 800 10 90 550
19 600 10 90 1000
20 600 10 90 550
22 800 5 180 1000
24 600 15 90 550
25 800 5 0 1000
30 400 10 90 550

4.5.1 Transmission Electron Microscope (TEM) Results

Two char samples were selected for TEM analysis, they were Run 20 and Run 30. Run 20
was the char sample which exhibited the best characteristics among the 30 runs, whereas Run
30 was less optimum compared to the other 29 samples. Commercial carbon black N330 and
N772 were studied as reference materials. The TEM-micrographs of Run 20, Run 30, N330
and N772 at 6k and 25k magnifications are shown in Figure 4-10.
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(a) TEM-micrograph of Run 20 at 6K magnification

(b) TEM-micrograph of Run 20 at 25K magnification
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(d) TEM-micrograph of Run 30 at 25K magnification
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(f) TEM-micrograph of N330 at 25K magnification
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(g) TEM-micrograph of N772 at 6K magnification

(h) TEM-micrograph of N772 at 25K magnification

Figure 4-10(a-h) TEM-micrographs of Run 20, Run 30, N330 and N772 at 6K and 25K
magnification, showing particle shape, size and distribution
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It can be seen clearly from the TEM plots that neither Run 20 nor Run 30 appear to exhibit
similar structure at 6K and 25K. Only a few grape-like clusters can be observed in the Run 20
sample at 25K, almost no cluster structure can be found within Run 30. Further, not only is
the particle size of both Run 20 and Run 30 much larger than the commercial carbon blacks,
but they show a larger variety of particle sizes. There are small particles, due to the ash,
which are attached to the large particles making it one large agglomerated piece reducing the
surface availability to which rubber would normally bond. Given the pyrolysis conditions
used to prepare Run 20 and Run 30, a higher temperature is apparently preferred for
obtaining smaller particle sizes, a uniform size distribution and clear structure. By comparing
carbon black N330 and N772, it indicates that the nodules in N330 are better defined than in
N772. The primary particles of N330 are smaller and with a more uniform size distribution to
that of N772. There is also less overlap of the primary particles within the clusters in N330. It
seems that the particles of N330 combine each other on the same plane making the working
cluster easy to bond with the rubber matrix, whereas N772 is slightly blurry since more

overlap occurs and less bonding results.
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4.5.2 Carbon Hydrogen Nitrogen Sulphur Tests

Table 4-9 Elemental composition of coconut shell, char fillers and commercial carbon black

Sample C (%) H (%) N (%) S (%) C/H ratio
Coconut shell 48.07 5.87 <0.10 <0.10 8.19
Run 4 82.97 2.94 <0.10 <0.10 28.22
Run 16 89.87 1.39 <0.10 <0.10 64.65
Run 19 87.35 2.42 <0.10 <0.10 36.09
Run 20 86.18 2.48 <0.10 <0.10 34.75
Run 22 90.47 1.47 <0.10 <0.10 61.54
Run 24 86.75 2.60 <0.10 <0.10 33.37
Run 25 88.94 1.92 <0.10 <0.10 46.32
Run 30 71.64 3.31 <0.10 <0.10 21.64
N330 96.84 0.99 <0.10 0.46 97.82
N550 97.82 1.23 <0.10 0.70 79.53
N772 94.43 0.86 <0.10 0.91 109.80

The elemental composition, in terms of carbon, hydrogen, nitrogen and sulphur, of the
coconut shell, char fillers and the commercial carbon black N330, N550 and N772 is
presented in Table 4-9. Coconut shell contains 48.07% carbon, 5.87% hydrogen, <0.10%
nitrogen and <0.10% Sulphur. Cagnon et al. (2004) has reported similar result: 48.7% carbon,
5.8% hydrogen, <0.3% nitrogen and <0.3% Sulphur. The C content of other nut shell such as
hazelnut shells, walnut shells, and olive are similar to coconut shell, which ranges from 47 to
53% (Sharifan, 2014; Demirbas, 2002, Aygiin et al., 2003). The high C content makes
coconut shell and lignocellulosic biomass very suitable as feedstock to produce carbonaceous
materials (activated carbon etc). The H content of coconut shell is 5.87%, which directly
influence the volatiles yield. The N content and S content were found to be less than 0.10%,
comparable with a reported maximum of 0.5% N and S content for biomass (Demirbas, 2004).
The C content of commercial carbon blacks tested are all above 94%, confirming that carbon
black is an extremely pure form of elemental carbon. The H content is around 1% and the N
content is less than 0.10%. All the carbon black samples contain a small amount of Sulphur,

which is one of the widely applied vulcanizing agent in rubber industry. According to Table
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4-9, the C content of the pyrolytic coconut shell chars is around 90%, which is comparable
with the commercial carbon blacks. The H content is slightly higher than the commercial
carbon black indicating less aromaticity of the carbon structure. Both N and S content are
lower than 0.10%. The C/H ratio has been calculated and shown in Table 4-9 as an indicative
measurement of the aromaticity in the carbon structure. There is a big increase in C/H ratios
of char samples compared to coconut shell, indicating the removal of H and N content and a
development of aromatization of the carbon structure. It also can be concluded that high

pyrolysis temperatures result in high C content, C/H ratio and low H content.

4.5.3 In-rubber Characterization

Following compounding within the SBR formulation (defined in Tables 3-5 and 3-6), the
dispersion performance achieved with each of the selected char fillers was evaluated through
SEM 3D surface roughness maps of freshly sectioned surfaces, shown in Figure 4-11. In this
test, commercial carbon black N300 has been selected as the reference material. The

optimum dispersion ability of the filler within the rubber compound is crucial, since it:

(1) Improves reinforcement, as the filler surface area available to the rubber matrix is

increased.

(2) Improves fatigue performance, since large undispersed particles will act as stress

concentrations, leading to premature failures.

(3) Improves surface finish and reduces the roughness of final rubber products, which is also

important for extrusion application.

123



Chapter 4 Coconut Shell Derived Char Fillers

124



Chapter 4 Coconut Shell Derived Char Fillers

Figure 4-11 3D surface roughness maps highlighting filler dispersion, scale in micron

For conventional carbon black, dispersion is considered to be a function of both the filler
surface area and the structure level. The greater the surface area to be wetted, the greater the
energy required to achieve incorporation and dispersion. Conversely, greater structure levels
increase the internal mixing shear force which lead to improved levels of dispersion. Given
that the char samples chosen for evaluation have relatively high surface areas (see Table 4-3),
it can be expected that these chars will be harder to disperse than a conventional N330. As
can be seen in Figure 4-11, all the char samples had broadly similar dispersion levels except
Run 30, which has the highest surface roughness value. The dispersion ability of coconut-
derived char is found to be less than commercial carbon black and lower structure level can
be expected based on the dispersion results. This also indicates a reduced fill-rubber
interaction. Normally, the pelletized commercial carbon blacks will disintegrate during the
rubber formulation mixing process. However, the coconut shell char particles resist break up
when mixing with rubber, which contributed to an uneven dispersion of the char filler in the
formed rubber product. Further research into alternative more efficient milling processes for
the coconut shell char will need to be undertaken, based on this finding, to improve the

dispersion of the char.

Figure 4-12 presents the SEM plots of coconut char compounded rubber sheet and N660
filled rubber sheet at 25K magnification. It can be seen from the images that the base layer is

the rubber matrix, with the small particles of the filler (8 selected char samples and N660)
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showing on the surface and as part of the rubber foundation. The coconut char and the carbon
black samples show the filler is unevenly bound to the rubber surface, indicating that the
mechanism of the char filler mixing and interaction with rubber is similar to conventional
carbon black. The major difference between the char filler and carbon black are the particle
shapes (angular), particle sizes and its distribution. Carbon black contains a smaller aggregate
size and more uniform size distribution plus spheroid particles, so that more aggregates can
attach to the rubber surface resulting in a good reinforcing ability. It is obvious that Run19
(Figure 4-12 (c)) has the best performance when used as a filler in rubber, which is supported

by the dispersion test result above.

WD = 4.3 mm Mag= 2500KX Time :11:15:15

1 i EHT = 500 kV Signal A = lnLens Date 16 Mar 2017 ZEISS

(a) SEM plot of Run 4 filled rubber sheet
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1 pm EAT= 5.00 kV Signal A = InLens Date 16 Mar 2017
; WD = 4.6 mm Mag= 25.00K X Time :11:32:01

(b) SEM plot of Run 16 filled rubber sheet

! s e
1 pm EHT = 500 kV Signal A = lnLens Date -16 Mar 2017 PEISS
WD = 4.6 mm Mag= 25.00KX Time 111:39:45

(¢) SEM plot of Run 19 filled rubber sheet
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T prm EHT = 3.00 kV Signal A = InLens Date 16 Mar 2017
e wp=49mm Mag= 25.00K X Time -11:50:46

(d) SEM plot of Run 20 filled rubber sheet

1 pm EHT= 5.00 kV Signal A = InLens Date -16 Mar 2017
|—| WD = 4.8 mm Mag= 25.00KX Time :11:56.00

(e) SEM plot of Run 22 filled rubber sheet
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(f) SEM plot of Run 24 filled rubber sheet

T pim EHT = 5.00 kV Signal A = inLens Date 16 Mar 2017
1 wD= 46mm Mag= 25.00KX Time :12:07:10

(g) SEM plot of Run 25 filled rubber sheet
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(h) SEM plot of Run 30 filled rubber sheet
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(i) SEM plot of N660 filled rubber sheet

Figure 4-12(a-i) SEM plots of compounded rubber sheets at 25K magnification, illustrating
rubber-filler bonding system
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The cure and physical properties of the compounds are summarized in Table 4-10.

Table 4-10 Rheology and physical data of coconut shell chars

Run 4 Run 16 Run 19 Run 20 Run 22 Run 24 Run 25 Run 30 CBN772 CB N330

MDR data (30mins @160°C)

Min (dNm) 1.21 0.96 1.13 1.16 1.00 1.15 1.02 1.3 1.23 2.14
Max (dNm) 14.55 14.11 14.35 14.42 14.16 14.36 14.32 13.99 13.66 17.30
Ts2 (mm:ss) 8.42 6.08 7.34 7.04 6.22 6.82 6.43 9.97 4.33 4.06
T90 (mm:ss) 15.73 11.94 14.07 13.48 12.05 13.05 12.79 18.95 9.19 9.13
Physical Properties
Shore A (%) 58 59 58 59 59 59 59 58 57 67
M 100% (MPa) 1.88 1.94 2.01 1.99 2.04 1.93 2.02 1.73 1.63 1.61
M 300% (Mpa) 2.77 2.89 2.93 2.82 3.02 2.71 2.98 2.57 93 17.0
Tensile Strength (Mpa) 4.3 5.53 4.95 5.68 4.76 3.06 5.08 4.1 20.4 259
Elongation at Break (%) 615 675 659 653 604 482 649 684 586 453
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A compound’s curing and processing behaviour is assessed by the Moving Die Rheometer
(MDR) test. Firstly, a mixture is loaded into the cavity of the rheometer at room temperature.
As the compound gets heated under pressure, the viscosity decreases and the torque exerted
on the rotor drops. The lowest torque value measured in dNm, is called Moment Lowest
(ML), noted as “Min” in Table 4-10. The stiffness of the uncured rubber compound at a given
temperature can be indicated by ML. After the curing begins, the torque rises. When the
torque increases 2 dNm unit above ML value, the time is recorded as Ts2. It provides
information about at which point the curing process actually starts. With the curing
progressing, the torque continues increasing. After some time, the torque reaches the
maximum value and a plateau appears. The highest torque measured in dNm is regarded as
Moment Highest (MH), also noted as “Max” in Table 4-10. The optimal vulcanization time is
called T90, which is the time from the beginning of the test to the point where 90% of the
MH value can be achieved. The hardness of the filled rubber compound is tested by the Shore
A with ° unit. The M100% and M300% are the stresses required to produces an elongation of
100% and 300% of the test sample. The maximum tensile stress recorded in extending the
test piece to a breaking point is shown as tensile strength; and the elongation at break is the

tensile strain in the test length at breaking point (Saville, 1999).

According to Table 4-10, the time to onset of cure (Ts2) and cure times (T90) of the coconut
char filled SBR were found to be comparable but slightly longer than expected for a
conventional carbon black N772 and N330 respectively. This is an indication of differing
surface chemistry that is likely having some level of interaction with the cure package
utilised. This was particularly apparent for the material generated from Run 4 and 30. Both
minimum and maximum torque values of char fillers are higher than the carbon black N772,
but slightly lower than N330. As to the hardness tests, the value was similar to carbon black
with equivalent surface area. The M100% values are considered to be higher than the
commercial carbon blacks in the N200 to N300 series, which are outstanding reinforcing
rubber fillers. Whereas the low tensile strength and high elongation to break values suggest
that there are low filler-polymer interactions and structure levels, allowing for chain slippage
over the filler surface, although these may be improved through modification of the rubber

mix formulation (Fan et al., 2017).
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Based on this data, the char sample from Run 20 was considered to be best performing char
filler among the selected char samples, which agreed with the RSM optimization results. The
sample can be considered as a semi to low-reinforcing filler with broadly similar cure

characteristics to conventional carbon black.

The MDR cure curves are shown in Figure 4-13. The minimum torque values, which are
regarded as an indication of compound viscosity, are considered fairly low, further indicating

that the coconut shell char fillers have low structure levels.
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Figure 4-13 MDR cure profiles of coconut shell chars in the SBR system

When mixed in the rubber matrix, carbon black aggregates have a tendency to associate with
each other to form agglomerates, owing to van der Waals type attraction forces between
particles. Under dynamic loading, elastic modulus (E’) decreases with increasing strain
amplitude from a high plateau E’j to a low plateau E’,. This phenomenon is known as the
Payne effect and provides a measure of the level of filler-filler interactions. Figure 4-14
shows the Payne effect as a plot of the elastic modulus against the double strain amplitude for

N772 and coconut char filled vulcanisates (ERT, 2009).
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Figure 4-14 Elastic modulus plots against double strain amplitude of the compounds containing
N772 and coconut char

Figure 4-15 illustrates the AE’ networking efficiency versus surface area plot, where AE’ (E’y
- E’) is a measurement of filler-filler interaction. The compound filled with N772 shows a
higher Payne effect (AE’=1.55MPa) compared to the compounds filled with coconut chars
(AE’<1.5MPa), which are considered to be slightly low given their high surface area,
although the elastic modulus of coconut char filled rubber is higher than N772 filled
compound. Normally, AE’ directly increases with increasing surface area for commercial
carbon black, however this was not the case for the coconut char sample, confirming weak
filler-filler interaction. This is a very interesting characteristic, as such filler-filler interactions
are associated with energy losses and, for example, high rolling resistance and poor fuel
efficiency in a tyre tread. Graphitic crystallite ends are considered the dominant factor for
filler-filler interactions for commercial carbon black, suggesting this feature is lacking within

the coconut char sample (Norris et al., 2014).
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Figure 4-15 AE’networking efficiency versus surface area of coconut chars

At high dynamic strain, the effect of carbon black on reinforcement is a combination of the
hydrodynamic effect and polymer-filler interactions only. This value (E’x) is low for all the
char samples, confirming low levels of filler-polymer interactions. This is related to both

surface activity and structure levels (Notris et al., 2014).

In summary, the char sample was found to have high external surface area values (in-line
with N110 to N330 series carbon blacks), along with high levels of porosity and suitable
surface pH properties. When compounded into a standard SBR formulation, dispersion was
found to be sub-optimum, confirming that more efficient milling needs to be considered and
optimization of the formulation/mixing procedure. The physical and dynamic data suggest
that the char sample has limited filler-filler and filler-polymer interaction, resulting in
relatively low levels of reinforcement. This is demonstrated in Figure 4-16, where char Run
20 is compared to a carbon black of similar surface area. If the level of filler-polymer
interaction can be significantly increased, and the current level of filler-filler interactions
maintained, the char filler would have very interesting properties with regard to low energy

losses, such as tyre rolling resistance.
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Figure 4-16 Coconut char Run 20 compared to N330

The current performance of the coconut char samples is considered closer to a mineral filler
such as calcined clay, shown in Figure 4-17.
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Figure 4-17 Coconut char Run 20 compared to calcined clay
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4.6 Conclusion

Coconut shell, through the application of an RSM optimization methodology based upon the
surface chemistry and porosity, has been successfully converted into a carbon black-like char
filler. The char filler produced was comparable on a physico-chemical basis with the
commercial semi-reinforcing carbon black. The surface area was much higher but the surface
pH was similar. The results of in-rubber testing reveal that the semi-reinforcing carbon black
can be partially replaced by the coconut char filler, since most of the performances testing of
the rubber products were highly comparable. According to the Response Surface
Methodology, temperature, heating rate and holding time have significant effects on the char
quality. One of the optimum conditions for the coconut shell pyrolysis process can be
confirmed as 600°C, 10°C/min heating rate, 90min holding time and 550ml/min Nitrogen
flow rate. Further optimization of the post-production processing for the char has been
identified alongside variations within the rubber formulation and mixing procedure to further

improve the filler-rubber interaction, shorten the cure time and enhance the tensile strength.
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Chapter 5 Raw Sewage Sludge Derived Char Filler

In this chapter, the char fillers derived from raw sludge has been introduced. This chapter can
be divided in three parts. In the first part, the raw sewage sludge feedstock has been analysed
for its thermal behaviour, physical and chemical composition using thermal analysis and
CHNS test. The second reports the pyrolysis of the sewage sludge and the production of the
char fillers through different temperatures, heating rates, holding times and nitrogen flow
rates. In the third part, the performance and application of the char fillers has been

investigated.

5.1 Characterisation of Raw Sewage Sludge

5.1.1 TGA-DTG Curves

The thermal behaviour of dried sewage sludge (TG and DTG curves) is shown in Figure 5-1,
when heated at 10°C/min from room temperature (= 20°C) up to 1000°C under a nitrogen

atmosphere.
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Figure 5-1 TG and DTG curves of sewage sludge under N,
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Three decomposition stages can be identified associated with the peaks on the DTG curve,
which are noted as Region A, B and C in the plot. These three stages are: loss of water, main
decomposition and final decomposition. The first stage (Region A), correspond to the drying
and dehydration processes and takes place up to 100°C. Then a rapid decrease in the weight
of sludge sample initiates at around 200°C (Region B), which is mainly caused by the
decomposition of carbohydrates and lipids. The second pyrolysis stage finishes at around
450°C, with an average 55 wt. % mass loss. It needs to be mentioned that there is an overlap
of different decomposition reactions occurring during the second stage, due to the multitude
of compounds present in sewage sludge making it difficult to accurately identify the exact
decomposition reactions, which can be concluded from the small shoulder circled in the plot.
The final, slow decomposition (Region C), associated with a sharp decrease in the
decomposition rate, is most probably due to the secondary decomposition and reorganisation
of the pyrolytic carbon layers (slow graphitisation of the char) (Kan et al., 2016; Pullket,
2015).

5.1.2 Proximate Analysis

The proximate analysis of sewage sludge was carried out using the process describes earlier

in Section 3.3.1.2 and the result is shown in Figure 5-2.
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Figure 5-2 Proximate analysis of raw sewage sludge
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The high volatile content within the sludge sample contributes to a high oil yield, whereas the
solid residue content determined the char yield. It can be seen from the plot that about 70% of
the total sludge weight is volatile content, and it is fully decomposed up to 900°C. Then the
gas flow was changed to air and the temperature decreased to 600°C for determining the char
black content. It has been labelled in the plot that the fixed carbon content within the sewage
sludge contributes around 5% of the total sample weight. The remaining mass of material
corresponds to 20% of the mineral ash content within the sludge feedstock which is found to
be considerably higher than in carbon black N772. Further sludge char CHNS test will be
undertaken later. This solid yield is higher than that achieved from biomass pyrolysis (Fan et
al. 2017). This result was very encouraging, suggesting that the raw sewage sludge has the

potential to be used as a suitable feedstock for a suitable char filler.

5.2 Overview of Pyrolysis of Raw Sewage Sludge

The pyrolysis conditions of raw sewage sludge, char yield and oil yield are presented in Table
5-1, the gas yield has been calculated by difference and is shown in the table. It can be seen
from Table 5-1, that the solid (char) yield from raw sludge pyrolysis is between 29.4 —
64.2%, which is higher than the char yield from coconut shell, indicating sludge has the
potential to produce a good yield of solid residue to be used for substitute rubber filler
manufacture. The oil yields ranged from 20.5 to 34.6%, which are quite similar to coconut

shell and similarly quite low. The oil and gas products will be discussed further in Chapter 6.
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Table 5-1 Char, oil and gas yield from pyrolysis of sewage sludge

Temperature Heating rate Holding time N, flow rate Char yield Oil yield Gas yield

Run C) ("C/min) (min) (ml/min) (%) (%) (%)
1 600 10 90 550 33.6 314 35.0
2 400 15 0 1000 64.2 205 15.3
3 400 15 0 100 632 23.1 13.7
4 400 5 180 1000 385 29.1 324
5 600 10 90 550 347 29.6 357
6 600 10 180 550 347 29.0 36.3
7 600 15 90 550 29.9 25.6 445
8 800 5 180 100 30.0 346 354
9 400 15 180 100 40.9 325 26.6
10 600 10 0 550 36.6 29.3 34.1
11 600 10 90 550 35.1 283 36.6
12 400 5 0 1000 478 26.8 254
13 800 15 180 100 26.3 252 485
14 800 15 0 1000 32.1 24.6 433
15 600 10 90 100 338 2538 40.4
16 800 10 90 550 30.7 276 417
17 800 15 0 100 34.1 224 435
18 400 15 180 1000 38.3 222 39.5
19 600 10 90 1000 337 255 40.8
20 600 10 90 550 348 26.6 386
21 400 5 0 100 49.8 30.0 202
22 800 5 180 1000 29.8 28.6 416
23 400 5 180 100 41.0 347 243
24 600 5 90 550 33.6 29.6 36.8
25 600 10 90 550 318 273 40.9
26 400 10 90 550 417 31.9 26.4
27 800 5 0 100 334 287 37.9
28 800 5 0 1000 29.4 31.9 38.7
29 800 15 180 1000 30.8 26.6 426
30 600 10 90 550 32.0 252 42.8
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The perturbation plot for the sludge char yield is presented in Figure 5-3, where A is
pyrolysis temperature, B represents heating rate, C is holding time and D is noted as Nitrogen
flow rate. According to the perturbation plot, the effects of pyrolysis variables on the sludge
char yield can be determined. It can be concluded from the data and plot that pyrolysis
temperature and holding time have positive effects on the char yield, whereas heating rate
and nitrogen flow rate have little influence on the char yield. High temperature and long
holding time contribute to a complete pyrolysis avoiding volatile content remaining in the
char sample, so that a lower char yield is achieved. Unlike coconut shell, not only

temperature, but holding time can influence the char yield from pyrolysis of sewage sludge.
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Figure 5-3 Perturbation plots with four pyrolysis parameters on the sludge char yield

5.3 Characteristics of Commercial Carbon Blacks and Sludge Char Fillers

The transmittance of toluene extract (T%), pH value, BET surface area, T-plot surface area
and acidic and basic groups on the surface of both commercial carbon black N772 and N330,

plus these values measured for the sludge char produced under the RSM design are

summarised in Table 5-2.
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Table 5-2 Characterization of carbon black and sludge char filler

Run T% oH value BET surzface area t-plot suzface Acidic groups Basic groups
(m7/g) area(m’/g) (mmol/g) (mmol/g)
1 99.82 7.77 66.92 25.82 0.513 1.247
2 59.37 5.19 7.40 9.74 1.326 0.604
3 54.14 5.20 7.54 9.88 1.223 0.647
4 98.14 5.77 9.97 8.37 1.165 1.041
5 99.85 7.82 41.57 24.06 0.539 1.216
6 99.89 7.64 34.25 25.35 0.521 1.216
7 100 6.68 115.02 39.02 0.852 1.244
8 99.79 8.34 79.89 46.41 0.310 1.603
9 97.96 5.94 11.78 12.03 1.256 1.102
10 99.83 7.04 34.82 18.49 0.691 1.144
11 99.99 7.85 ND’ ND 0.444 0.486
12 84.73 5.58 5.19 6.26 1.385 0.847
13 99.73 7.21 160.21 98.63 0.917 1.425
14 99.92 8.28 57.23 37.37 0.432 1.550
15 100 6.94 117.02 37.00 0.767 1.188
16 100 8.14 108.78 63.28 0.480 1.517
17 99.69 7.33 103.7 47.64 0.833 1.252
18 100 6.36 107.34 40.90 1.317 1.192
19 100 6.62 77.39 27.12 0.915 1.117
20 100 7.10 72.60 26.44 0.683 1.123
21 84.08 5.40 10.03 11.38 1.375 0.783
22 100 8.27 52.44 29.68 0.524 1.525
23 98.34 591 11.80 12.03 1.269 0.933
24 99.84 7.06 128.65 39.39 0.647 1.236
25 100 6.66 109.54 45.49 0.868 1.202
26 84.10 5.30 11.38 14.40 1.403 0.894
27 100 7.77 147.75 57.99 0.725 1.338
28 99.96 6.85 151.03 60.99 0.913 1.355
29 99.84 8.25 97.55 58.72 0.478 1.523
30 99.74 6.77 123.51 44.61 0.852 1.210
Sludge
char filler 54.14-100 5.19-8.34 5.19-160.21 6.26 —98.63 0.31-1.403 0.486 — 1.603
N772 65.9 8.5 28.5 26.6 0 0.079
N330 99.5 8.9 71.5 69.7 0.81 0.08

"ND = No data
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According to the data of the sludge char prepared as part of this research, it is obvious that
most of the char samples have toluene transmittance values close to N330, indicating that
they are essentially free from tarry residues and comparable with the higher quality carbon

black.

As discussed in Section 4.3, the wider meso and macro pores are essential for bonding
process between rubber and filler. In Table 5-2, results of the sludge char indicate that meso
and macro pores occupied most of the surface area of carbon blacks, which is the same trend
followed by carbon blacks and coconut chars, confirming that sludge char samples is suitable

to be used as an alternative rubber filler.

The surface pH value is another essential property of the char filler since it correlates with the
vulcanization time and the number of free radicals on the filler surface. According to the data
in Table 5-2, unlike the commercial carbon black pH value around 9, the pH value of many

of the char samples was around 7 which may not be sufficiently alkaline.

With regard to the quantities of acidic and basic groups on the surface of sludge char
samples, they are much more prevalent than on both commercial carbon blacks and coconut
shell chars. High numbers of surface groups may lead to a more active surface for char fillers,
so that is helpful for development of the interaction between rubber and char fillers. This
feature of the production process will be further analysed in the following RSM optimization

section.

5.4 RSM Process Optimization

The optimization in this research was conducted by using the pH value, t-plot surface area

and acidic groups on the surface of sludge chars as response metrics.
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5.4.1 Sludge Char Filler pH Value Response Analysis

5.4.1.1 Statistical Analysis

The optimization for sludge was conducted by using the pH value as one of the main
response metrics. The methodology applied has been described earlier, with the substitution
of a pH value of 7 being used in the response value for the sludge chars. The linear model
which was chosen in this study, for estimating the response surface of pH value, was given in

the equation:
Yl :A+BX1+CX2+DX3+EX4

Where Y; is the pH value of char filler, A is the value of the fixed response at the centre point
of the design, B, C, D, E are the linear coefficients. X, X,, X3, X4 are the independent design

variables.

5.4.1.2 Optimization of Pyrolysis Process on the pH Value and Interaction between
Independent Variables

The statistical design factors in both code and actual value, and the experimental response
and predicted values on pH value, t-plot surface area and acidic surface groups of sludge char

filler are summarized in Table 5-3.

The regression equation characterizing the influence of different considered parameters on

pH value was concluded as:
Y, =6.90 + 1.10X; — 0.028X, + 0.28X3 + 0.063X,
Equation 3

In this equation, the influences of pyrolysis temperature and holding time have relatively high
significant positive influences on the char filler pH value. Thus, with increasing pyrolysis

temperature and longer holding times, the pH value becomes more acidic.
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Table 5-3 Experimental design matrix with experimental and predicted values

Temperature Heating rate Holding time N, flow rate pH value t-plot surface area Acidic groups
°C °C/min min ml/min m2/g mmol/g
Run X, X, X, X, Y, Y> s

Coded Actual Coded Actual Coded Actual Coded Actual Experimental Predicted Experimental Predicted Experimental Predicted

value  value  value value value value value  value data data data data data data
1 0 600 0 10 0 90 0 550 7.77 6.90 25.82 32.62 0.513 0.680
2 -1 400 1 15 -1 0 1 1000 5.19 5.56 9.74 9.26 1.326 1.239
3 -1 400 1 15 -1 0 -1 100 5.20 5.43 9.88 15.24 1.223 1.301
4 -1 400 -1 5 1 180 1 1000 5.77 6.17 8.37 8.26 1.165 1.255
5 0 600 0 10 0 90 0 550 7.82 6.90 24.06 32.62 0.539 0.680
6 0 600 0 10 1 180 0 550 7.64 7.18 25.35 36.64 0.521 0.506
7 0 600 1 15 0 90 0 550 6.68 6.87 39.02 37.14 0.852 0.735
8 1 800 -1 5 1 180 -1 100 8.34 8.25 46.41 55.98 0.310 0.419
9 -1 400 1 15 1 180 -1 100 5.94 5.99 12.03 23.28 1.256 1.401
10 0 600 0 10 -1 0 0 550 7.04 6.62 18.49 28.60 0.691 0.634
11 0 600 0 10 0 90 0 550 7.85 6.90 ND’ ND 0.444 0.680
12 -1 400 -1 5 -1 0 1 1000 5.58 5.61 6.26 0.22 1.385 1.519
13 1 800 1 15 1 180 -1 100 7.21 8.19 98.63 65.02 0.917 0.771
14 1 800 1 15 -1 0 1 1000 8.28 7.76 37.37 51.00 0.432 0.573
15 0 600 0 10 0 90 -1 100 6.94 6.84 37.00 35.61 0.767 0.822
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Table 5-3 Experimental design matrix with experimental and predicted values (continued)

16 1 800 0 10 0 90 0 550 8.14 8.00 63.28 53.49 0.480 0.570
17 1 800 1 15 -1 0 -1 100 7.33 7.63 47.64 56.98 0.833 0.763
18 -1 400 1 15 1 180 1 1000 6.36 6.12 40.90 17.3 1.317 1.295
19 0 600 0 10 0 90 1 1000 6.62 6.96 27.12 29.63 0.915 0.798
20 0 600 0 10 0 90 0 550 7.10 6.90 26.44 32.62 0.683 0.680
21 -1 400 -1 5 -1 0 -1 100 5.40 5.49 11.38 6.20 1.375 1.333
22 1 800 -1 5 1 180 1 1000 8.27 8.37 29.68 50.00 0.524 0.433
23 -1 400 -1 5 1 180 -1 100 5.91 6.05 12.03 14.24 1.269 1.113
24 0 600 -1 5 0 90 0 550 7.06 6.93 39.39 28.10 0.647 0.699
25 0 600 0 10 0 90 0 550 6.66 6.90 45.49 32.62 0.868 0.680
26 -1 400 0 10 0 90 0 550 5.30 5.80 14.40 11.75 1.403 1.250
27 1 800 -1 5 -1 0 -1 100 7.77 7.69 57.99 47.94 0.725 0.731
28 1 800 -1 5 -1 0 1 1000 6.85 7.81 60.99 41.96 0.913 0.789
29 1 800 1 15 1 180 1 1000 8.25 8.32 58.72 59.04 0.478 0.537
30 0 600 0 10 0 90 0 550 6.77 6.90 44.61 32.62 0.852 0.680
"ND = No data
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5.4.1.3 Statistical Analysis and Validation of Model

The validation of the fitted model (see Equation 3 above) was calculated and its statistical
significance was evaluated by an F-test. The investigation of variance (ANOVA) for the
response surface linear model is shown in Table 5-4. According to the data in the table, the
model is highly statistically significant at 95% confidence level, with an F-value of 23.55,
and low probability P value of less than 0.0001. The value of the determination coefficients

R and Rgd]- were estimated as 0.7903 and 0.7567 respectively. This means that about 79.03%

of the variance is attributed to the variables and indicates a highly significant. The adequacy
of the regression model can also be confirmed from the good agreement between the
experimental and predicted values of response pH value shown in Table 5-3. The actual char
pH value ranges from 5.19 to 8.34, whereas the corresponding predicted values are from 5.43
and 8.37. The noise ratio is 14.503, which is greater than 4 and indicates an adequate signal.
This model can be considered to be suitable to be used to navigate the design space. The lack
of fit F-value of 0.77 shows that lack of fit is not significant relative to the pure error. There
is a 69.89% possibility that a lack of fit F-value this large could occur due to noise, which is

make the model usable.

Table 5-4 Analysis of variance of the fitted linear regression model

Source Sum of Squares  Mean Square = F-Value  P-value Remarks
Model 23.26 5.82 23.55 <0.0001 significant
X 21.76 21.76 88.11 <0.0001 significant
Xa 0.014 0.014 0.059 0.8108  not significant
X3 1.42 1.42 5.74 0.0244  not significant
X4 0.071 0.071 0.29 0.5967  not significant
Residual 6.17 0.25 - - -
Lack of Fit 4.65 0.23 0.77 0.6989  not significant
Pure Error 1.52 0.30 - - -

The relationship between predicted and experimental values of the pH value of sludge char

fillers is presented in Figure 5-4(a). It is evident that the correlation between the predicted
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and experimental values is good, which indicates that the predicted and experimental values
were in reasonable agreement. The data fits well using the model and a powerful estimate of

response for the system with the experimental range was achieved.
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Figure 5-4 (a) Experimental pH values and predicted pH values for the model & (b) Normal
probability plot of the residues
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The normal probability plot of the standardized residuals for pH value of sludge chars is
shown in Figure 5-4(b). It has been mentioned before that the points would show a straight
line in the normal probability plot, when the residuals follow a normal distribution. It can be
assumed from the figure that the data is a normal distribution, regardless of some scattering
which may occur even with the normal data. Therefore, a good validity for the approximation

of the quadratic regression model can be assumed by the obtained normal probability plot.

The plot of residual versus predicted values for pH is shown in Figure 5-5(a). According to
the randomly scattered observed points in the constant range of residuals, there is no obvious
pattern and unusual structure to be followed. Therefore, the model is regarded as adequate
and the violations of the independence or constant variance assumption in all runs is
confirmed. Figure 5-5(b) presents the plot of the standardized residuals versus runs. The
points are located randomly within +3, which indicates that the errors were normally

distributed and insignificant.
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Figure 5-5 Diagnostic plots for pH value (a) residual versus predicted pH value and (b) residual
versus run number

5.4.1.4 Optimization of Pyrolysis Process based on pH Value and Model Verification

The optimization process was carried out to determine the optimum value of pH 7 through
the Design Expert 8.0 software. Accordingly, the optimum working conditions and respective
pH value were established. The results are presented in Table 5-5. All the desirability
function values of the five conditions were found to be 1.000 for these optimum conditions.
The laboratory experiment (temperature 600°C, 10°C/min heating rate, 90min pyrolysis
holding time and 550mL/min nitrogen flow rate) agrees well with the predicted response
value of 7.1, which indicates that process optimization by CCFD was a suitable and reliable

methodology to optimize the process at the chosen pH value for the sludge pyrolysis process.
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Table 5-5 Optimum condition solution for optimum pH value

Number Temperature ~ Heatingrate ~ Holding time N2 flow rate
pH value Desirability

of trial °C °C/min min ml/min
1 610.58 9.38 99.82 595.58 7.0 1.000
2 602.37 10.19 98.26 987.04 7.0 1.000
3 605.00 5.18 103.28 567.52 7.0 1.000
4 622.83 9.45 98.65 142.00 7.0 1.000
5 574.70 10.80 168.66 528.86 7.0 1.000

5.4.2 Sludge Char Filler t-plot Value Response Analysis

5.4.2.1 Statistical Analysis

The linear model has been selected for analysing the response surface for the t-plot, shown in

the equation:
YZ =A+BX1+CX2+DX3+EX4

Where Y, is the t-plot surface area of sludge char filler, A is the value of the fixed response at
the centre point of the design, B, C, D, E are the linear coefficients. X;, X,, X3, X4 are the

independent design variables (Temperature, heating rate, holding time and nitrogen flow rate).

5.4.2.2 Optimization of Pyrolysis Process on the t-plot Surface Area and Interaction between
Independent Variables

The regression equation characterizing the influence of different considered parameters on

pH value was concluded as:
Y =32.62 + 20.87X; +4.52X, + 4.02X; — 2.99X,
Equation 4

From this equation, the response of pyrolysis temperature has a highly significant positive
effect on the sludge char filler t-plot surface area. Heating rate and holding time have slightly

positive influences while the nitrogen flow rate has a negative influence on the sludge char t-
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plot surface area. The experimental response and predicted values calculated from the

equation for the t-plot surface area can be seen from Table 5-3.

5.4.2.3 Statistical Analysis and Validation of Model

The ANOVA for the t-plot surface area response surface linear model (see Equation 4 above)
is presented in Table 5-6. It can be seen that the model F-value is 10.50 and the P-values are
less than 0.0500, implying the model and terms are significant. The "Lack of Fit F-value" of
0.68 indicated that the Lack of Fit is not significant relative to the pure error. The R* and Rﬁd]—
were calculated as 0.6269 and 0.5672. In other words, 62.69% of the variance is based on the
factors, so that a high significance for the model can be achieved. The noise ratio is 11.057 in
this analysis, which is higher than 4, confirming an adequate signal. Thus, this model can be

used to navigate the design space.

Table 5-6 Analysis of variance of the fitted linear regression model

Source Sum of Squares  Mean Square  F-Value  P-value Remarks
Model 8663.03 2165.78 10.50 <0.0001 significant
X 7842.68 7842.68 38.03 <0.0001 significant
X> 368.40 368.40 1.79 0.1934  not significant
X3 290.93 290.93 1.41 0.2461 not significant
X4 161.03 161.03 0.78 0.3853  not significant
Residual 5154.95 206.20 - - -
Lack of Fit 3766.72 188.34 0.68 0.7577  not significant
Pure Error 1388.23 277.65 - - -

The agreement of the model on t-plot surface area can also be confirmed by Figure 5-6.
Figure 5-6(a) shows the good regression between predicted and experimental values of the t-
plot surface area. The normal probability plot of the standardized residuals for t-plot surface

area analysis is presented in Figure 5-6(b). All the points are located in one line indicating the
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data is normally distributed and offers a good validity for the approximation of the linear

model.
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Figure 5-6 (a) Experimental t-plot surface area values and predicted t-plot surface area values
for the model & (b) Normal probability plot of the residuals
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The plot of residual versus predicated values for t-plot surface area are shown in Figure 5-
7(a), while Figure 5-7(b) shows the standardised residuals against runs. The randomly located
points can be seen in both of the plots, which imply that the model is adequate and fits the

data. The errors are not significant.
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Figure 5-7 Diagnostic plots for t-plot surface area value (a) residual versus predicated value and
(b) residual versus run number
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5.4.2.4 Optimization of Pyrolysis Process based on t-plot Surface Area and Model
Verification

The optimization process was carried out to ensure that the optimum value of t-plot surface
area is maximum through the software. The results are presented in Table 5-7. The
desirability function values of the five conditions are all found to be 1.000 for these optimum
conditions. The laboratory experiment (temperature 800°C, 15°C/min heating rate, 180min
pyrolysis holding time and 100mL/min nitrogen flow rate) agrees well with the predicted
largest response value, which indicates that process optimization by CCFD was a suitable and

reliable methodology for the sludge pyrolysis process.

Table 5-7 Optimum condition solution for optimum t-plot surface area

Number Temperature Heating rate  Holding time N, flow rate t-plot surface

. 5 Desirability
of trial °C °C/min min ml/min area m’/g

1 799.98 14.99 179.95 101.30 65.00 1.000

2 799.99 15.00 179.79 106.75 64.97 1.000

3 800.00 14.97 179.25 100.00 64.97 1.000

4 799.97 15.00 176.80 100.00 64.88 0.998

5 799.07 15.00 178.10 100.00 64.84 0.998

5.4.3 Sludge Char Surface Acidic Groups Response Analysis

Unlike the coconut shell char samples, there are a significant number of acidic groups on the
surface of the sludge char. Therefore, an RSM analysis on the surface acidic groups is

required for sludge char.

5.4.3.1 Statistical Analysis

A quadratic polynomial model was required for evaluating the response surface of acidic

groups, which is described by the equation:

3

4 4 4
Y;= B+ Zﬁixi + Z Z Bijxix; + Z Biix?
i=1 i=1

i=1 j=it+1
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Where Y3 is the surface acidic groups, 3 is the value of the fixed response at the center point

of the design, B;, Bj, and B;; are the linear, interactive, and quadratic coefficients,

respectively. x; and x; are the independent design variables.

5.4.3.2 Optimization of the Pyrolysis Process on Surface Acidic Groups and Interaction
Between Independent Variables

The regression equation illustrating the influnece of the 4 pyrolysis factors on surface acidic

groups was shown as:

Y; = 0.68 — 0.34X; + 0.018X, — 0.064X3 — 0.012X, + 0.016X;X, — 0.023X; X3
— 0.032X;X, + 0.08X,X5 — 0.062X,X, — 0.011X;3X, + 0.23X% + 0.037X2
— 0.11X35 + 0.13X3
Equation 5
According to the sign in front of the terms in the equation and the Parato chart shown in
Figure 5-8, the main influence of the pyrolyisis variables to the response surface acidic
groups can be interpreted. The negative effect of pyrolysis temperature is highly significant in
terms of the numbers of acidic groups created and destroyed. With increasing temperature,
the number of the acidic groups will decrease sharply. However, the quadratic effect of

temperature and nitrogen flow rate have a relative significant positive effect upon acidic

groups.
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Figure 5-8 Pareto chart showing the effects of different independent variables on surface acidic
groups
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5.4.3.3 Statistical Analysis and Validation of the Model

The validation of the fitted model (see Equation 5 above) and its statistical significance were
estimated by F-test. The ANOVA for the response surface full quadratic model is shown in
Table 5-8. According to the table, the model is highly statistically significant at 95%
confidence level, with an F-value of 7.71 and low probability P-value 0.0002. The values of
the determination coefficients R* and Rgdj for model fitting reliablity were calcualted to be
0.8780 and 0.7642 respectively. This means that about 87.80% of the variance is correlated to

the variables and suggests a high significance for the model.

Table 5-8 Analysis of variance of the fitted quadratic regression model

Source Sum of Squares Mean Square F-Value P-value Remarks
Model 2.94 0.21 7.71 0.0002 significant
X 2.07 3.07 76.03 <0.0001 significant
X, 5.724E-003 5.724E-003 0.21 0.6533 not significant
X3 0.073 0.073 2.68 0.1226 not significant
X, 2.689E-003 2.689E-003 0.099 0.7578 not significant
XX, 4.225E-003 4.225E-003 0.16 0.6993 not significant
X X5 8.649E-003 8.649E-003 0.32 0.5815 not significant
X Xy 0.016 0.016 0.59 0.4537 not significant
X X5 0.10 0.10 3.78 0.0708 not significant
XoXy 0.061 0.061 2.22 0.1569 not significant
X3X4 1.764E-003 1.764E-003 0.065 0.8026 not significant
X,? 0.14 0.14 4.99 0.0412 significant
X, 3.560E-003 3.560E-003 0.13 0.7228 not significant
X5 0.029 0.029 1.08 0.3158 not significant
X4 0.043 0.043 1.57 0.2292 not significant
Residual 0.41 0.027
Lack of Fit 0.25 0.025 0.75 0.6714 not significant
Pure Error 0.16 0.033
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A good alignment of the model also can be concluded by the positive agreement between the
experimental and the predicted values for response acidic groups, as shown in Table 5-3. The
actual concentrations of acidic groups formed are between 0.31 and 1.375, whereas the
corresponding predicted values ranged from 0.419 to 1.333. The noise of ratio is 11.057,
which is higher than 4, indicating an adequate signal and implying that this model is
sufficiently reliable to be used to guide the design process. The lack of fit F-value is 0.75,
which means that the lack of fit is not significant relative to the pure error. There is a 67.14%

chance that a "Lack of Fit F-value" this large could occur due to noise.

The comparasion between experimental and predicted values of the surface acidic groups is
shown in Figure 5-9(a). It can be clearly seen that the correlation between the two values is
acceptable, which indicating a reasonable agreement of the model. All the points are located
in one line in the normal probability plots of the standardized residuals for t-plot surface area
analysis in Figure 5-9(b) indicating the data is normally distribution and a good validity for

the approximation of the linear model.
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According to the randomly scattered points on the plot of residuals versus predicted acidic
groups value in Figure 5-10(a), the model is suitable and there is no need to suspect any
violation of the independence or constant variance assumption in any of the runs. From

Figure 5-10(b), it can be concluded that the errors of the experiments were normally

distributed and not significnat.
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Figure 5-10 Diagnostic plots for surface acidic group value (a) residual versus predicted value
and (b) residual versus run number

5.4.3.4 Interaction among Parameters Influencing the Pyrolysis Process and the Surface

Acidic Group Values

In order to understand the interaction among variables and to decide the optimum pyrolysis
condition for each of the factors necessary for optimum creation of surface acidic groups, the
empirical predicted quadratic model for the response surface acidic groups in terms of
pyrolysis factors (temperature, heating rate, holding time and nitrogen flow rate) were plotted
in three-dimensinal diagrams, which are shown in Figure 5-11(a-f). The optimum surface

acidic groups was set as the parameter to maximise.

Figure 5-11(a) shows the interactive effect of temperature and heating rate on surface acidic
groups at a constant residence time of 90.00min and a nitrogen flow rate of 550ml/min. It can
be clearly seen that there is little interaction between temperature and heating rate for the
final acidic group value. The number of acidic groups decreases only with increasing
temperature, regardless the heating rate. The effect of temperature and holding time on the
acidic groups, when heating rate is set at 10°/min and the nitrogen flow rate is 550ml/min is

shown in figure 5-11(b). It is obvious that the acidic groups values increase with an
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increasing holding time until 90min, so that the maximum acidic groups value can be achieve
when the temperature is 400°C and holding time is 90min. Figure 5-11(c) represents that
interactive effect of temperature and nitrogen flow rate on acidic group value at constant
heating rate of 10°C/min and 90min holding time. When the nitrogen flow rate is below
550ml/min, the acidic groups value decreases with an increasing nitrogen flow rate. The
minimum number of acidic groups are reached when the nitrogen flow rate is 550ml/min and
the temperature is 800°C. The interactive effects on heating rate and holding time, heating
rate and nitrogen flow rate, holding time and nitrogen flow rate are shown in Figure 5-11(d),
(e) and (f). Due to the planar nature of the plots, the effects of these three groups of variables
on acidic groups value are regarded as significant influential as the interaction effects

discussed above.

Acidic groups (mmol/g)

(@
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Acidic groups (mmol/g)

®

Figure 5-11 (a-f) Response surface plots of surface acidic groups, illustrating the interaction
between two variables: selected for temperature, heating rate, holding time and nitrogen flow
rate

5.4.3.5 Optimization of the Pyrolysis Process based on Acidic Groups Value and Model

Verification

The response surface for the acidic group formation was determined as a maximum to
achieve the best char performance during the optimization process. Accordingly, five
optimum pyrolysis conditions and the resultant acidic group values are displayed in Table 5-9.
The maximum acidic group value which could be achieved was 1.5313mmol/g, which is in
relative close agreement with 1.385mmol/g from the 400°C temperature, 5°C/min heating rate,
Omin holding time and 1000ml/min nitrogen flow rate run (Run 8). Exact agreement with the
RSM was not expected. The reason being that sewage sludge is a relatively heterogeneous
material, so unlike coconut shells, there is batch-batch compositional variance. Further, the
Boehm titration is very sensitive to slight variations in iner-sample titration values.

Nevertheless, the sample-optimisation agreement is considered to be very good.
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Table 5-9 Optimum conditions solution for acidic group value

Number Temperature Heating rate  Holding time N, flowrate  Acidic groups
. Desirability

of trial °C °C/min min ml/min mmol/g

1 400.16 5.03 25.28 998.94 1.531 1.000

2 400.37 5.00 48.42 999.02 1.530 1.000

3 400.10 5.01 52.55 999.90 1.530 1.000

4 400.38 5.00 26.40 999.57 1.532 1.000

5 400.00 5.00 12.90 1000.00 1.529 0.999

5.5 Raw Sewage Sludge Derived Char Fillers In-rubber Test

According to the results on the the physical and chemical properties obtained and the RSM

optimization, nine sludge char samples were selected to be mixed in an SBR rubber matrix

and the performance of the final rubber products evaluated. The nine char filler samples

include the char from the optimum pyrolysis condition (600°C, 10°C/min, 90min, 550ml/min

N,) based upon pH, plus from different temperatures and char fillers that offered the “best”

and the “worst” performance according to the previous physical and chemical tests. The nine

pyrolysis conditions of the selected char fillers are tabulated in Table 5-10.

Table 5-10 Selection of coconut shell derived char fillers for in-rubber tests

Temperature Heating rate Holding time N, flow rate
Run
°O) (°C/min) (min) (ml/min)
8 800 5 180 100
13 800 15 180 100
14 800 15 0 1000
16 800 10 90 550
18 400 15 180 1000
19 600 10 90 1000
20 600 10 90 550
21 400 5 0 1000
29 800 15 180 1000

166



Chapter 5 Raw Sewage Sludge Derived Char Filler

5.5.1 Transmission Electron Microscope (TEM) Result

Among the 30 runs, Run 20 achieved the best performance when mixed with rubber matrix,
whereas the rubber product filled with Run 13 did not exihibt a satisfactory reinforcement
result. TEM anaysis was applied to better understand the morphological properties of the char
samples, such as the particle and aggregate size and their shape. Figure 5-12 shows the TEM-
micrographs at 6K and 25K magnifications of the chars from both Run 20 and Run 13. The
TEM-micrographs of reference materials N330 and N772 can be found in Figure 4-10.

(a) TEM-micrograph of Run 13 at 6K magnification
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(b) TEM-micrograph of Run 13 at 25K magnification

(¢) TEM-micrograph of Run 20 at 6K magnification
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(d) TEM-micrograph of Run 20 at 25K magnification

Figure 5-12 TEM-micrographs of Run 13 and Run 20 at 6K and 25K magnification, showing
particle shape, size and distribution

According to the TEM analysis, the shape and size of the sludge char fillers are much more
like carbon black and consequently behave much better than coconut shell char filler. There
are several clusters shown in the sludge char sample TEM plots. The particle size of Run 20
is smaller than Run 13, and size distrbution is more uniform than Run 13 as well. The
aggregates shown in Figure 5-12(d) is highly desirable, the clusters are very similar to the
ones shown in Figure 4-10(e) and (f). Based on the TEM resluts, it can be seen that the
morphological properties of char fillers made from sewage sludge are close to the high
quality commercial carbon black and hence have significant potential to be used as carbon

black subsititutes.

5.5.2 Carbon Hydrogen Nitrogen Sulphur Tests

Table 5-11 shows the results of Carbon Hydrogen Nitrogen and Sulphur tests of the raw

sewage sludge and the nine selected sludge char filler samples.
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Table 5-11 Elemental composition of sewage sludge and sludge char fillers

Sample C (%) H (%) N (%) S (%) C/H ratio
Raw sewage sludge 42.70 6.43 3.31 1.64 6.64
Run 8 33.78 0.75 1.45 2.35 45.04
Run 13 21.04 0.84 1.10 1.84 25.05
Run 14 37.15 0.96 2.44 1.74 38.70
Run 16 34.73 0.83 1.60 1.77 41.84
Run 18 31.14 2.08 3.97 1.81 14.97
Run 19 28.63 1.56 2.99 1.60 18.35
Run 20 32.69 1.41 3.00 1.40 23.18
Run 21 39.17 3.60 3.99 1.61 10.88
Run 29 35.39 0.92 1.52 1.90 38.47

The reference data of the commercial carbon black N330, N550 and N772 can be found in
Table 4-9. There are 42.70% C content, 6.43% H content, 3.31% N content and 1.64% S
content within raw sewage sludge. Due to the gas and oil release from the feedstock during
the pyrolysis process, the C content decreased in the final char filler samples to around 30%.
The H and N content also decreased, but were still higher than commercial carbon black
because of the feedstock property. The S content is much higher than the commercial carbon
blacks, which is a widely used vulcanizing agent in rubber manufacture, leading to the
potential for a better bonding process between rubber and the filler during the mixing and
vulcanisation period. Although the C content in the sludge chars is lower than the commercial
carbon black making sludge chars softer than coconut chars, which may be helpful for better

tensile strength and elongation properties for the final rubber products.

C/H ratios of char samples witnessed a drop compared to both coconut shell char and
commercial carbon black, indicating an insufficient removal of H and N content, and a

reduced development of aromatization of the carbon structure. It also can be concluded that
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high pyrolysis temperatures result in high C content, C/H ratio and sulphur content and low H

and N content.

5.5.3 In-rubber Characterization

The selected SBR formulation which has been utilised (shown in Table 3-5) was selected to
assess the performance of the novel rubber filler systems, whilst allowing the performance of
the char samples to be benchmarked. After compounding within the SBR formulation the
dispersion level achieved with each of the sludge char samples was assessed. SEM 3D
surface roughness maps of freshly dispersion sectioned surfaces are provided in Figure 5-13.
All the char samples had similar dispersion levels apart from Run 13, which has the highest
surface roughness value and contained a higher proportion of larger undispersed particles (Ra
= 1.9um). The sludge char from Run 13 had the highest surface area and correspondingly,
was harder to disperse. It is worth to noting that the levels of dispersion achieved were

significantly improved compared to the coconut shell derived chars (see Figure 4-11).
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Figure 5-13 3D surface roughness maps highlighting filler dispersion, scale in micron

The dispersion test can be further developed by the SEM analysis, shown in Figure 5-14(a-j).
25K magnification was selected in the char sludge SEM plots.

1um EHT= 5.00kV Signal A= InLens Date :16 Jun 2017
WD = 8.8 mm Mag= 25.00KX Time :11:02:32

(a) SEM plot of Run 8 filled rubber sheet
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T um EHT= 500 kV Signal A = InLens Date ;16 Jun 2017
WD= 8.8 mm Mag= 20.00KX Time :11:07:50

(b) SEM plot of Run 13 filled rubber sheet

<q

T um EHT= 500 kV Signal A = InLens Date 16 Jun 2017
F——  wo=8smm Mag= 25.00 KX Time :11:13:04

(¢) SEM plot of Run 14 filled rubber sheet
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1um EHT = 5.00kV Signal A = InLens Date .16 Jun 2017
F——  wo=685mm Mag= 25.00K X Time :11:17:22

(d) SEM plot of Run 16 filled rubber sheet

1 pm EHT = 5.00 kV Signal A = InLens Date 16 Jun 2017
— WD= 6.8 mm Mag = 25.00K X Time :11:22:31

(e) SEM plot of Run 18 filled rubber sheet
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1um EHT= 500 kV Signal A = InLens

Date :16 Jun 2017
F——  wo=88mm Mag= 25.00K X Time :11:28:10

(f) SEM plot of Run 19 filled rubber sheet

i

1 um EHT = 5.00 kV Signal A= InLens Date :16 Jun 2017
WD = 87 mm Mag= 25.00KX Time :11:36:45

(g) SEM plot of Run 20 filled rubber sheet
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. p | - = e L E
1 pm EHT = 5.00 kV Signal A = InLens Date :16 Jun 2017
F———  wo=686mm Mag= 25.00 KX Time :11:48:00

(h) SEM plot of Run 21 filled rubber sheet

T um EHT = 5.00kV Signal A = InLen. Date :16 Jun 2017
— WD = 8.7 mm Mag= 25.00K X Time :11:52:34

(i) SEM plot of Run 29 filled rubber sheet

Figure 5-14(a-i) SEM plots of compounded rubber sheets at 25K magnification, illustrating
rubber-filler boning system
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All the sludge char samples behaved better than coconut char fillers. The particle size is much
smaller and more evenly distributed than coconut char samples. It is also shown by the SEM
analysis, that Run 13 has the less suitable particle size and dispersion ability, as there were
seldom any filler particles can be seen in Figure 5-13(b). From the SEM micrographs of Run
20, Run 21 and Run 29, it can be easily seen than the small sludge char filler particles are
attached evenly to the rubber surface and are very similar to the N660 filled rubber sheet in

Figure 4-12.

The cure and physical properties of the char filled rubber compounds are tabulated in Table
5-12. The MDR cure curves are shown in Figure 5-15. The time to onset of cure (Ts2) and
cure times (T90) for Run 8, 16 and 29 were found to be close to the reference N772 carbon
black. The other char samples had longer cure times, indicating that differing surface
chemistry most likely to be having some level of interaction with the cure package applied.
The minimum torque values, which is regarded as an indication of compound viscosity, are
considered fairly low, implying that the structure levels of the rubber imparted by the char
fillers are low (Hewitt & Ciullo, 2007).
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Figure 5-15 MDR cure profiles of sludge chars in the SBR system
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Table 5-12 Rheology and physical data of sludge chars

Run 8 Run 13 Run 14 Run 16 Run 18 Run 19 Run 20 Run 21 Run 29 CB N772

MDR data (30mins @160°C)

Min (dNm) 1.02 1.17 1.03 1.04 1.07 1.00 0.99 1.10 1.03 1.23
Max (dNm) 11.84 11.59 12.75 12.21 12.90 13.42 13.38 9.96 11.77 13.66
Ts2 (mm:ss) 4.40 4.71 5.30 4.58 6.78 6.28 6.28 6.79 4.55 4.33
T90 (mm:ss) 9.65 11.86 10.97 9.60 13.38 13.31 12.07 17.61 9.96 9.19
Physical Properties
Shore A (%) 53 53 56 55 56 57 57 52 55 57
M 100% (MPa) 1.42 1.47 1.64 1.50 1.64 1.69 1.65 1.32 1.48 1.63
M 300% (Mpa) 2.88 3.06 3.29 3.03 3.03 3.25 2.99 1.81 3.01 93
Tensile Strength (Mpa) 6.27 9.56 7.72 8.51 8.37 7.70 8.51 8.12 8.10 20.4
Elongation at Break (%) 639 757 664 715 698 633 676 962 716 586
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The results of the hardness property studied by the Shore A test were similar for all the 9
samples, between 53 and 57°. As to the modulus, the M100% values are considered similar to
the reference N772 carbon black, whereas the M300% values were significantly lower
indicating that the reinforcing ability provided by the char samples are low, which
corroborates the rubber structure observations previously. Low tensile strength and high
elongation to break values are associated with low filler-polymer interaction and structure

levels, allowing for chain slippage over the filler surface.

According to the data, sludge char sample produced from Run 20 was the best performing
char filler among the selected 9 samples, which is in agreement with the RSM optimization
results. The sample can be considered as a semi-reinforcing filler with broadly similar cure

characteristics and technical performance to a conventional carbon black.

Figure 5-16 shows the Payne effect as a plot of the elastic modulus against the double strain

amplitude for N772 and sewage sludge filled vulcanisates.
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Figure 5-16 Elastic modulus plots against double strain amplitude of the compounds containing
N772 and sludge chars
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Figure 5-17 shows the AE’ networking efficiency versus surface area plot of char fillers and
N772 and N326 carbon blacks, where AE’ (E’g - E’,) is a measurement of filler-filler
interaction. The AE’ value of char fillers was measured as < 1.7 MPa for the sludge char
samples, which is similar to N772, but still considered to be low given their surface area.
N326 has a AE’ values of 13.5Mpa when mixed with the same SBR formulation. Unlike
conventional carbon blacks, the AE’ value of the char sample doesn’t increase with
increasing surface area. As a result, it can be concluded that there is a reduced filler-filler
interaction compared to carbon black. This is a very interesting characteristic as it is similar
to that observed for coconut char as such filler-filler interactions are correlated to energy
losses and, for example, high rolling resistance and poor fuel efficiency in a tyre tread.
Graphitic crystallite ends are considered the fundamental factor for filler-filler interactions
for conventional carbon black, indicating this feature is absent within the sludge char samples
as may be expected given the low-temperature manufacturing process. The high strain elastic
modulus (E’) is low for all the sludge char samples, confirming low levels of filler-polymer

interactions. This is associated to both surface activity and structure levels.
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Figure 5-17 AE’networking efficiency versus surface area
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To sum up, the sludge char fillers were found to offer significantly improved dispersion
compared with the coconut shell derived variants. The sludge chars were also slightly more
reinforcing, with Run 20 offering the best propertied of those evaluated, as shown in Figure

5-18.

Viscosity

~
> \ Cure time

-

EB — / —

—N772
——Sludge Char Run 20
Coconut Char Run 20

~~_~ Hardness

M300%

Figure 5-18 Char samples compared to N772

Further size reduction, ideally to less than 1um, may produce an interesting filler that could

potentially replace N990, shown in Figure 5-19, in a number of rubber applications.
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Figure 5-19 Carbon black N990 appearance

5.6 Conclusion

Raw sewage sludge has been fully evaluated as a carbon black-like char filler, through the
application of an RSM optimisation methodology using surface chemistry and surface area as
optimisation parameters. The resultant char filler was comparable with commercial semi-
reinforcing carbon blacks. The in-rubber testing revealed that the semi-reinforcing carbon
black can be partially replaced by the sewage sludge char filler, given that most of the
performance testing of the rubber products were comparable. Based upon the Response
Surface Methodology analysis, temperature, heating rate and pyrolysis holding time have
been identified as having significant effects on char quality. The optimum conditions required
to produce a suitable carbon black-like substitute from raw sewage sludge, were identified as:
600°C temperature, 10°C/min heating rate, 90min holding time and 550ml/min Nitrogen flow
rate. Although these results are not too dissimilar from the coconut fillers studied in the
previous chapter, the sewage sludge fillers appear to offer advantages over coconut shell
fillers due to exhibiting better particle structure and rubber-filler interaction to a more
favourable porosity. Nevertheless, it has been identified that there is a need to undertake
optimisation of the post-production processing for the char alongside modification to the
rubber formulation and mixing procedure to further improve the filler-rubber interactions,
enabling this material to be developed as a viable replacement for carbon black as a filler in

rubber.
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Chapter 6 Environmental Impact Evaluation

6.1 Calculation of Energy Consumption

6.1.1 Life Cycle Assessment

The aim of this part of the research is to undertake an analysis of the energy and emissions
associated with filler manufacture from coconut shell and raw sewage sludge. The production
of carbon black has significant requirements in terms of heat input (energy) and
consequentially high CO, emissions. Through the use of renewable materials, it should be
expected that lower energy consumption and reduced environmental impacts will result. Two
essential factors are required to be met for a sustainable waste management system: (1) the
recovery of either products or energy value from the waste, and (2) the reduction of the
environmental impacts after the treatment and disposal of the waste. A limited Life Cycle
Assessment (LCA) has been conducted and is presented in this chapter to quantify the
potential environmental impacts of waste materials pyrolysis systems, based on energy and
CO; requirements for filler manufacture, which will provide a basis for a better-informed

decision making process.

LCA was first introduced in the 1960s and 1970s to evaluate industrial production along with
the rise of sustainable development requirements. It was then further developed from 1980 to
1990 (Yoshida et al., 2013; Guinee et al., 2011). LCA has been widely used in the solid waste
management industry, including sewage sludge management. It has been reported that more
than 300 peer-viewed articles on LCA on different sectors of solid waste management have
been published and 50 LCA models were specifically targeting solid waste treatment
technologies in Europe (Gentil et al., 2010; Pires et al., 2011). According to British Standard
BS EN ISO 14044:20006, life cycle is defined as “consecutive and interlinked stages of a
product system, from raw material acquisition or generation from natural resources to final
disposal”, and LCA refers to “compilation and evaluation of the inputs, outputs and the
potential environmental impacts of a product system throughout its life cycle”. The life cycle

of a waste management process is considered as the waste from its generation, treatment,
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potential end-use and eventual disposal. By using life cycle assessment to measure the

environmental performance of a process, some targets can be achieved:
(1) Improving resources and energy use efficiency,

(2) Providing quantitative comparison basis for different systems,

(3) Supporting strategy formulation,

(4) Providing quantitative data for assessing environmental impacts and sustainability

requirement.

Four steps need to be undertaken when using LCA, (1) goal and scope definition, (2)
inventory analysis, (3) impact assessment, and (4) interpretation (Abbe, 2009).

6.2 Methodology

The goal of LCA applied in this study was to evaluate the environmental impacts (energy
usage and CO, emission) of the carbon black substitute production from coconut shell and
raw sewage pyrolysis, compared with the performance of the commercial carbon black
manufacture. It was assumed that all the other process steps involved in the carbon black
manufacture (grinding, pelletizing, packing, shipping etc.) would be common, irrespective of
the feedstock. Thus, the scope of this assessment was a simplified environmental impact

evaluation of the two processes.

The system boundary defines which individual technical sub-systems are included in the
assessment as well as the inputs and outputs. When considering the system boundary, a
representative and acceptable pyrolysis process of 300g feedstock was selected with 600°C

temperature, 10°C/min heating rate, 90min holding time and 550ml/min nitrogen flow rate.

Three systems have been assessed in this evaluation, as shown in Figure 6-1. System (a) is
the 300g coconut shell pyrolysis process under 600°C temperature, 10°C/min heating rate,
90min holding time and 550ml/min nitrogen flow rate, (b) is the same system but using raw

sewage sludge as feedstock, while (c) is the manufacture process of commercial carbon black.
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Input Output
Energy Gas Emissi
oyrolysis | as Emission
Char fillers
300g coconut shell Oil
(a)
Input Output
Energy Gas Emission
pyrolysis —
Char fillers
300g raw sludge Oil
(b)
Input Output
Energy Thermal Gas Emission
— Treatment '
Carbon black
Fossil fuel 01l
(©)

Figure 6-1 Three systems in this study
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6.3 Energy Assessment

6.3.1 Energy Consumption Assessment

A theoretical approach has been utilised to calculate the energy consumption during the
pyrolysis process of the feedstock using the experimental data and the laboratory-scale
furnace (a Carbolite HTR-11/175 rotary furnace, described in Section 3.3.1.4). The total
energy consumption during the process can be simplified into three parts: feedstock pyrolysis,
mechanical energy consumption and energy (heat) loss. The sources of energy consumption

and their calculation equations are summarised in Table 6-1 (Sharifan, 2014).

Table 6-1 The energy consumption sources during pyrolysis

Source of energy consumption Calculation equation
Rotation of quartz reactor Rotating motor power
Pyrolysis of feedstock

E=mXxC, xXAT
(coconut shell and sludge)

1. Convention through insulation, natural convention
Heat loss 2. Radiation from the external steel cover

3. Radiation through wall openings

Table 6-2 summarizes the energy usage of coconut shell and raw sludge pyrolysis. Based on
the calculation assumption from Sharifan (2014), the rotation of the quartz reactor and the
heat loss are estimated as 0.1MJ and 2.8MJ, respectively. The energy for coconut shell (300g)
pyrolysis can be calculated as (Fono-Tamo & Koya, 2013):

E =mx C, X AT = 0.3kg x 2.1K] /kgK x (600 — 20) = 0.37MJ

In the equation, m is the mass of the material, C, is the specific heat value of the material, and

AT is the change of temperature.

Whereas the energy consumption of raw sludge (300g) pyrolysis can be calculated as (Xu &
Lancaster, 2009):

E =mx C, X AT = 0.3kg x 1.95K] /kgK x (600 — 20) = 0.34M]
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Table 6-2 Energy usage of feedstock pyrolysis

Source of energy consumption Energy usage (MJ per 300g sample)
Rotation of quartz reactor 0.1
Pyrolysis of feedstock (coconut shell) 0.37
Pyrolysis of feedstock (raw sewage sludge) 0.34
Heat loss 2.8

6.3.2 The Calorific Value of Oil Qutput

Table 6-3 presents the calorific value of the oil from both 300g coconut shell and raw sludge
pyrolysis process. The average oil yield of the six centre point experiment in RSM design
(600°C temperature, 10°C/min heating rate, 90min holding time and 550ml/min nitrogen
flow rate) can be calculated as 15.9%, which is used for the calculation of the oil output
during the coconut shell pyrolysis. The average oil yield is 28.1% from raw sludge pyrolysis
process. As a result, the total energy contained within the oil has been calculated and
tabulated in Table 6-4.
Table 6-3 Calorific value of oil output

Coconut pyrolysis oil

Measurement Sample weight (g) Calorific value (MJ/kg)
1 0.5114 13.2098
2 0.5082 13.3866
3 0.5098 13.2684
Average 13.2883

Oil from raw sludge pyrolysis

Measurement Sample weight Calorific value
1 0.5068 25.1930
2 0.5071 24.7179
3 0.5012 243319
Average 24.7476
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Table 6-4 Energy obtained from oil output per 300g sample

Weight Energy obtained from oil
(g per 300g sample) (M1J per 300g sample)
Coconut oil 47.7 0.63
Sludge oil 84.3 2.09

According to the data above, the final net energy consumption has been calculated and shown
in Table 6-5. It has been assumed that all the energy provided by the oil product is completely
reused in the pyrolysis system. It can be deduced from this data that the production of char
filler from raw sludge, using the same production conditions and furnace arrangement, is

more energy-effective than coconut shell pyrolysis using the same pyrolysis conditions.

Table 6-5 Final net energy consumption

Final net energy consumption (MJ per 300g

sample)
Coconut shell pyrolysis +2.64
Raw sludge pyrolysis +1.15

The main gaseous products formed during the coconut shell pyrolysis process are methane,
carbon monoxide, carbon dioxide, water vapor, hydrogen and a wide range of organic vapors
(Rout, 2013). Whereas, the vapors released from the raw sewage sludge pyrolysis are mainly
methane, carbon monoxide, carbon dioxide, water vapor, hydrogen and C,H¢ (Pullket, 2015).
The gases from both of the two feedstock are highly similar and among this water vapor and
CO attributes to the majority of the gaseous products. These gases can be regarded as a
mixture of energy-rich gases, since carbon monoxide, hydrogen, methane and a broad range
of other VOCs within them are combustible constituents. These gases can be used for thermal

and fuel purpose directly, to generate electricity or as a heat source.
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6.4 Energy Analysis

In this section, the real industry production is considered, in which several assumptions have

been used to derive the numbers:

(1) The heat loss of the furnace has been ignored and is assumed to be zero, since the energy
consumed to pyrolyse the huge amount of feedstock is very high compare to the overall

(negligible) heat loss in the real treatment plant.

(2) The contribution to the energy value from the gas emissions has been neglected in the

coconut shell and raw sludge pyrolysis, since the heat value is quite low compared with oil.
(3) The functional unit is to produce 1 tonne of carbon black substitute.

(4) The energy for removing the water content within the sample before pyrolysis is not

considered in this analysis.

(5) According to the centre point experiment in RSM, the average char yield from coconut

shell pyrolysis and raw sludge pyrolysis can be calculated as 31.7% and 33.7% respectively.

The inputs and output of the three production processes are shown in Figure 6-2.
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Input Output

3897.6 MJ Energy Pyrolysis l 1t Coconut char filler

3.2t Coconut shell

6761.1 MJ Oil

C))

Input Output

3393.0 MJ Energy Pyrolysis l 1t Sludge char filler

3.0t Raw sludge

20862.2 MJ 01l
(b)

Input Output
7700.0 MJ Energy Thermal l 1t Carbon black
treatment
1.8t O1l feedstock 3t CO- emission

(c)

Figure 6-2 The input and output of the three production processes

It is clearly shown in Figure 6-2, that in order to produce 1t of rubber filler, using a crude oil
products as the feedstock for pyrolysis, needs the most energy input at 7700.0MJ/t. Coconut
shell and sewage sludge pyrolysis only need 3897.6MJ/t and 3393.0MJ/t respectively. Further,
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no reusable oil output is produced from a commercial carbon black manufacturing process,

but significant quantities (3t) of CO, emission result (Nicolas, 2009; EC, 2007).

6.5 Carbon Dioxide Emission Saving

In order to calculate the net carbon dioxide saving, a method explored by Cebrian Gomez
(2008) is used in this study. The 2012 UK Grid Electricity Year factor 0.35 kgCO,/kWh
(DECC & Defra, 2012) is used as a conversion factor, the resulting CO, emission values are

calculated and shown in Table 6-6.

Table 6-6 Carbon dioxide emissions of the different system

S . (MJton) . (kWhvton) Emissions
ystem nergy ton nergy ton
(kgCO,/ton)
Coconut shell
‘ 3897.6 1091.3 382.0
pyrolysis
Raw sludge pyrolysis 3393.0 950.0 332.5
Carbon black
manufacture from oil 7700.0 2156.0 754.6
feedstock

It can be concluded that the carbon black substitute production through pyrolysis of coconut
shells or sewage sludge has a much lower carbon footprint than the conventional method. The
energy input to the waste materials system use only half of the energy needed in the fossil
fuel process for commercial carbon black manufacture. In addition, the oil and gas production
from each of the pyrolysis systems can also be used in the system as the heating resource,
which makes the pyrolysis process much more energy efficient and for practical purposes,
almost carbon neutral (based on fossil-carbon emissions). However, it needs to be noted that
in this study the raw sewage sludge is dried sludge. Therefore, when considering using raw

sludge in the industry, the energy used in the dewatering process also needs to be calculated.
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6.6 Conclusion

It has been calculated that the reduction in fossil-fuel carbon dioxide emissions is a
significant benefit when using pyrolysis of the coconut shell and raw sewage sludge to
prepare carbon black substitute fillers. It indicates that reusing these waste materials in the
production of a carbon black replacement will reduce the overall environmental impact in
terms of the greenhouse gas emission (as CO,) compared to the current commercial carbon
black manufacture. The result of this Life Cycle Impact Assessment is helpful in the first-step
decision making and assessing the viability and sustainability of the suggested waste

materials treatment.

To sum up, the pyrolysis of coconut shell and raw sludge for sustainable rubber filler
production uses less energy, has a lower carbon footprint and results in a significant heat

value by-product (oil).
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

The aim of this research has been to evaluate new types of sustainable fillers for rubber and
related materials, based on the char produced from pyrolysis of two, high-volume
problematic waste materials: coconut shell (biomass) and raw sewage sludge. Through
pyrolysis, the waste materials can be converted into high quality bio-char products, and high
heat value, renewable energy materials (mainly oil and some gases) at relatively small scale.
Thus, global fossil fuel-derived emissions worldwide can be improved through the ability of
biochar to sequester the carbon contained in these materials by conversion into a stable and
non-available form. This type of process is regarded as major sector with growth potential in

the global carbon market with a controllable, clean and simple manufacturing process.

The key outputs from this study can be summarised as follows:

(1) The in-depth physical and chemical characterization of two waste materials: coconut shell
and dried raw sewage sludge have been undertaken. These materials have been converted in a
pyrolytic char and the products have been compared to commercial carbon blacks: N115,
N220, N330, N550, N660 and N772. The surface area of the commercial carbon blacks are
typically between 18.5 — 94.5m?/g; the toluene transmittance are all around 99% except N772
(= 65%), showing that carbon blacks are mostly oil-free product, which is corroborated by the
toluene transmittance test and proximate analysis. The pH value ranges from 8.37 to 10.09.
Through the Boehm titration analysis, the acidic groups on the surface are more prevalent
than basic groups. The SEM analysis of the compounded rubber sheet with N660, and TEM

of N330 and N772 has been studied to confirm the mechanism of filler and rubber interaction.

(2) The pyrolysis process 1s a powerful alternative method for the thermochemical treatment
of waste carbonaceous materials. The relatively high fixed carbon content of coconut shell
contributes to the ability to produce a solid residue which offers much opportunity to apply it
as a sustainable carbonaceous rubber filler. Through a careful analysis of the thermal

behaviour of coconut shell (powder), the pyrolysis temperature and heating rate were
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established. This information was subsequently used to construct a Response Surface
Methodology experimental design. Through the application of a Central Composite Face
Centred Design (CCFD), all the experiments were undertaken using four identified variables,
namely; pyrolysis temperature (°C) (400 — 800°C), heating rate (°C/min) (5 — 15°C/min),
holding time (min) (0 — 180min), and Nitrogen flow rate (ml/min) (100 — 1000ml/min); three
levels were selected as low -1, centre 0 and high +1 level. The total number of experimental

runs was 30 runs.

The char yield (28.7% - 42.5%) of the coconut shell was considered to be good and suggested
that the pyrolysis of coconut shell is a suitable methodology to be used on coconut shells as a
means of treatment for recovery of reusable products. The coconut char samples generated
from conventional pyrolysis have high external surface area values up to 318.6m*/g, in-line
with N100 to N300 series carbon blacks, which are considered to be high quality carbon
blacks. The coconut chars also exhibit high levels of porosity. The Boehm titration shows that
only when the pyrolysis temperature drops below 400°C, are there more acidic functional
groups (up to 0.417mmol/g) than basic groups on the surface of char samples. Otherwise, the
char samples with high pyrolysis temperature (600°C and 800°C) have more basic functional
groups on their surface. The pH values of the char samples confirm the results of the Boehm
titration, in that most of the chars have a basic surface, which is also consistent with the data
of the commercial carbon blacks. From the results from toluene transmittance test, all of the
char samples from pyrolysed coconut shell are as clean as the commercial carbon black (95 to
97 T%); in other words, almost no oily residues on the surface. According to TGA results, the
lower ash content (20%) within the char samples is more acceptable than other chars from
woods and textile. Based upon the response of surface area, and pH value, the optimizations
of the pyrolysis of coconut shell, within the selected parameters, have been achieved using

RSM.

When compounded into the SBR formulation, dispersion was found to be sub-optimum,
confirming that more efficient milling would be desirable. The physical and dynamic data
generated suggest that the char samples have limited filler-filler and filler-polymer
interactions, resulting in relatively semi-reinforcement, indicating that the rubber mix may

need optimisation.
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(3) It has been confirmed that the pyrolysis of dried raw sewage sludge provides a flexible
and suitable way of converting sludge into char fillers, which offers much promise as a
sustainable rubber filler to replace commercial carbon black. The experiment design share the
same RSM parameters as the previous coconut shell pyrolysis study. The surface area (up to
160m*/g) is slightly lower than coconut shell derived char fillers, but is still higher than
commercial carbon black. The toluene transmittance tells that most of the sludge char filler
are as clean as commercial carbon black. Both acidic groups (up to 1.403mmol/g) and basic
groups (up to 1.603mmol/g) on the surface of the char filler are observed to be much more
than coconut char and the correlation to the pH value can be seen as well. Based on the
response of surface area, pH value and surface acidic groups, the optimization of the

pyrolysis of raw sewage sludge have been achieved using RSM.

After having been compounded with a rubber matrix using the SBR formulation, the rubber
products performed much better than the coconut shell char filled rubber sample, based upon
their technological performance. The sludge chars displayed much better dispersion
characteristics and better filler-rubber interaction. It was very evident from the samples
prepared that the sludge char fillers show great potential to be used as a replacement of
commercial carbon black N990 as a sustainable semi-reinforcing rubber filler. Once again,
there was highlighted the need to optimise the rubber-mix formulation to better enhance the
filler-rubber bonding, but the benefits imparted by undertaking this process would be

significant.

(4) The TEM analysis shows that the morphological features of the sludge derived char fillers
are very similar to commercial carbon black, with a prevalence of “spheroidal” particles
present in the images. The presence of the ash component in the sludge char provided an
interesting added feature. Given that it is increasingly common to add silica to rubber mixes
as an alternative filler to carbon black in rubber, the char-ash matrix offered by sewage
sludge char appears to offer an opportunity to provide single filler materials with added

benefits.
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(5) Utilisation of the SEM analysis of the rubber samples prepared using the different carbon
materials filled with carbon black N660, coconut shell char fillers and sludge char fillers,
enabled an assessment of the mechanism of the interaction between filler and rubber to be
observed. The interaction between coconut shell char and rubber may correlates to the
physical Van der Waals force (simply entrapment), whereas there are apparently chemical
reactions occurring which may contribute to the interaction between the rubber and sludge
char fillers, akin to those observed for carbon black (N660 etc.). This indicates that sewage

sludge is a very promising feedstock for carbon black filler replacement production.

(6) The LCA assessment has revealed that to produce the same quantity of rubber filler (1t),
the energy consumption of coconut shell (3897.6MJ) and raw sewage sludge (3393.0MJ) is
much less than commercial carbon black manufacture process (7700.0MJ) and the carbon
dioxide emissions associated with the processes are much lower using shells or sludge,

compared to oil.

7.2 Contributions to Knowledge

(1) This is the first study which has analysed and tested the potential for converting coconut
shell and raw sewage sludge into sustainable carbon black substitutes through the application
of conventional pyrolysis and the subsequent in-depth analysis of the chars specifically for

in-rubber applications.

(2) The development and application of a modified Central Composite Design (Central
Composite Face Centred Design) has been used to design and analyse the pyrolysis process
enabling a thorough understanding of the influence of key process variables and their effects

on the properties of the char products.

(3) The mixing and testing of the interactions between the rubber and this new class of rubber
fillers has provided a new understanding of key factors which influence the filler-polymer

bonding, including particle size coupled with surface chemistry, as applied to non-carbon
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black materials. Due to the similar thermal behaviour of biomass, this char filler production
process has demonstrated the potential to extend the methodology to other biomass for

carbonaceous filler materials production.

(4) Through Life Cycle Assessment and the thermodynamic analysis, the energy consumption
throughout the pyrolysis production system has been evaluated and the potential for the
process to be significantly less energy and emission intensive, than current carbon black

production processes has been validated with experiment.

7.3 Future Work

This thesis has shown that the beneficial recovery of value from biomass and raw sewage
sludge can be achieved by the solid product obtained from the pyrolysis process being used
as a carbon black substitute in rubber manufacture. There are still further investigations
needed. According to the results obtained from this research, the following investigations

have been identified for future research:

(1) It has been recognised that a more efficient milling method would be desirable to further
modify the particle size of these novel rubber fillers. This should significantly increase the
level of filler-polymer interaction. If the filler-polymer interaction can be increased, and the
current level of filler-filler interactions maintained, the char filler would have very interesting
properties with regard to low energy losses and better reinforcement, widening their

application.

(2) Further optimisation of the post-production processing for the char needs to be
investigated. Factors such as char surface chemical modification using KOH or HCI for
removing ash content and introducing more functional groups and changing the surface
activity to the char surface, further enhancing the filler-polymer bonding should be

undertaken.
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(3) The coconut and sludge char fillers are an entirely new types of rubber filler. The lack of
experience within the rubber industry with non-carbon black fillers means that mix
optimisation must be undertaken for further future improvements. The reformulation of
rubber mixes is a key step to be considered to maximise benefit of alternative fillers and

widen their applicability.

(4) A wider, whole life cycle assessment should be further developed to find and reach the
balance between yield, CO, emission and the quality of these substitute carbon blacks

compared to current carbon blacks, as applied within the rubber system.

(5) Due to the more efficient (volumetric) heating mechanism associated with microwave
pyrolysis, the production of chars using this technology has the potential to produce different
products which may have different and interesting surface properties. The obvious capability
to save energy when heating due to the molecular (atomic)-scale heating caused by
microwave ovens would influence the LCA and therefore, a suitable optimised microwave
system need to be developed and evaluated. The manufacture of traditional carbon black is
not feasible using microwaves; hence, this technology may be a major step-forward as far as

rubber-filler production is concerned.

(6) In order to commercialize the alternative sustainable rubber filler, economic analysis
needs to be considered in later stage. It is necessary to weigh the cost of the new rubber filler

manufacture process against the benefits it will bring.
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Figure I. Commercial carbon black N115, N220, N330, N550, N660 and N772
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Publications arising from this research

1. Fan, Y., Fowler, G. D., & Norris, C. (2017) Potential of a Pyrolytic Coconut Shell as a
Sustainable Biofiller for Styrene-Butadiene Rubber. Industrial and Engineering Chemistry
Research. 56(16), 4779-4791.

2. Article “Potential of a Pyrolytic Coconut Shell as a Sustainable Biofiller for Styrene—
Butadiene Rubber” was included in the Virtual Special Issue “Invited Papers from ACS
Philadelphia” in [Industrial & Engineering Chemistry Research. Virtual Special Issue:
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Oral Presentations
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2. The Potential of Pyrolytic Raw sewage sludge as a Sustainable Bio-filler for styrene-
butadiene rubber. Presented at IWA Specialist Conference On sludge Management
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