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Abstract
Sustainability and safety along with acceptable mechanical properties are the cornerstones for
the development of contemporary industrial products. Due to this, polymer composites are
manufactured with bio-based materials instead of synthetics. However, these ‘biocomposites’
often lack the required mechanical properties and are also very susceptible to fire. This
necessitates the application of new bio-based materials which are inherently robust, resistant
to fire and promote utilisation of wastes. Besides, the amount of organic wastes in New
Zealand would be about 7 million metric tonnes by 2020 and if not managed effectively,
these wastes would contaminate the air, land, and water. Therefore, it is critical to reduce,
reuse, and recycle these wastes to curb pollution, save energy, and conserve resources. These
organic wastes could be converted into a carbon-based porous solid material called ‘biochar’
through the process of pyrolysis (i.e. heating at high temperatures without oxygen).
Conventionally the distinct properties of biochar are mostly used for filtration, contaminant
removal, and soil amendment. Hence, to simultaneously impart versatility in biochar’s
application and create a new product, this research attempted to manufacture biochar based
biocomposites. It was envisaged that the addition of biochar in composites would enhance
certain properties while reducing the synthetic polymer content, concurrently.

Initially, suitable manufacturing conditions (both process and material) were attempted to be
identified. Polypropylene (PP) based composites were manufactured through the processes of
compounding and compression moulding with numerous loading amounts of biochar. A
loading amount of 24 wt% was found to be the most desirable for enhanced mechanical
properties. After that, the material properties of six diverse waste-derived biochars were
analysed using the technique of nanoindentation among others. The hardness and modulus of
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the high temperature biochar (made at 900 °C) were determined to be 4.3 and 25 GPa,
respectively, which also produced composites with desirable mechanical properties. In
addition, it was observed that nanoindentation of individual constituents could be used to
predict the bulk mechanical properties of the composites.

Following this, an attempt was made to find suitable bio-based reinforcements (for biochar
based composites) and measure the fire performance (also mechanical) of the resulting
composites. The wood based composite was found to possess the best balance between
mechanical and fire properties among the other biomasses.

Two different fire retardants (ammonium polyphosphate and magnesium hydroxide) were
applied to composites made from the most suitable type and loading amount of biochar (made
at 900 oC and 24 wt%, respectively) and biomass (wood). The amounts of biochar and the
wood were varied to accommodate each of the fire retardants. As expected it was seen that
having more biochar than wood was beneficial for fire properties (e.g. peak heat release rates,
limiting oxygen indices). However, the higher proportion of biochar (than wood)
compromised the mechanical properties of the composites albeit not significantly. The
production costs were reduced by a significant 18 % when biochar was added to the
composites. This is because the amount of costly coupling agent (here maleic anhydride
grafted polypropylene) in the composite could be reduced from usual 3 wt% to 1wt %, in
conjunction with biochar, without compromising the performance properties (both
mechanical and fire).

Finally, the pure effect of just biochar on PP was investigated wherein it was observed that
that increasing amount of biochar enhanced the tensile/flexural moduli and flexural strengths
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of the resulting composites. Furthermore, the peak heat release rates were decreased and the
amount of thermal residues increased as a result of biochar application in the composites.

This PhD research has demonstrated that wastes can be converted into a value-added product
of biochar whose application in polymeric composites makes them stronger, more fireresistant, cheaper, and can simultaneously promote sustainability. Therefore, biochar being
inexpensive, renewable, and having attractive physical properties aptly fits into the paradigm
for new industrial, economic, and social development where it can be used to both mitigate
wastes and create novel and improved composite products.
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1 Chapter 1: Introduction
1.1

Background

Disposal of organic wastes is one of the causes of concern in New Zealand (NZ). Akin to
other industrialized nations, the land application remains the main process used for waste
treatment, which has created issues related to residue runoff, odour, and land availability
(El−Fadel., et al., 1997; Foo and Hameed, 2009). As the regional councils and local
government endeavour to prevent, mitigate and reverse these adverse effects of landfilled
organic/woody wastes, greater attention is given to the development of long term and
alternative solutions for effective waste management. The Local Government Act (LGA) of
NZ in 1996 stresses on reducing, reusing, recycling, and rebuying of wood based landfill
wastes which, in turn, would reduce pollution, save energy and conserve resources (Boyle,
2000). In NZ, one metric tonne of forestry wastes are landfilled annually, of which the timber
industry contributed to almost 13% of the total disposed wastes between 1996 and 2004
(Love, 2007; Nielsen et al., 2002). These wastes are the result of timber harvesting and wood
products manufacturing from the industries which significantly contribute to NZ’s economy.
The carbon in the landfilled wood waste has the potential to exit as carbon dioxide, volatile
organic carbons, and leachates. The wood can either undergo anaerobic digestion aided by
bacteria to produce methane or exit as tannin based leachate or a combination of both (Freed
et al., 2004; Sweet and Fetrow, 1975). The methane from the landfill can make up 20% of
the total anthropogenic methane emissions and is also 23% more potent greenhouse gas than
carbon dioxide (Ximenes et al., 2008). Furthermore, wood based pollutants that leach
through the landfill site can potentially contaminate the water table making it unfit for
consumption (Sweet and Fetrow, 1975). Hence, it becomes critical to develop sustainable
methods and materials that promote economic competency, ecological efficiency, and
ultimately, utilisation/management of woody waste.
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Polypropylene (PP), at present, is extensively employed in numerous industrial applications
owing to its cost effective nature and its versatile properties. The popularity of PP is a result
of its various applications (automotive, aerospace, furniture, electrical, domestic, and so on)
and its high growth rate. However, the bulk polymerisation process yields a PP which does
not possess satisfactory properties, especially, mechanical, thermal stability, and fire
resistance. As a consequence, the past century has seen a worldwide employment of PP
composites with synthetic additives/reinforcements due to the high energy and cost
associated with iron, steel, and aluminium based products (Fowler et al., 2006). However,
due to the renewed interest in environmental safety, concerns related to health, and realisation
of finite nature of petroleum sources, a more sustainable manufacturing approach is being
adopted, encouraged, and developed. As a consequence, composite constituents sourced from
natural and bio-based materials are being increasingly explored and studied. Therefore,
environmental compatibility of PP composites has become an important consideration to
facilitate reduction of potential hazards linked to pollution and waste generation.

Several bio-based/natural materials have been integrated with PP based composites which
include but are not limited to jute, kenaf, flax, wood, coir, hemp. (Mohanty et al., 2001). The
bio-based/natural material based PP biocomposites are attractive due to their fairly beneficial
price-volume-performance relationship. In addition, bio-based/natural constituents are
biodegradable; possess low density, relatively high toughness; high values of specific
strength and stiffness, and are CO2 neutral/negative upon combustion. Moreover, these
composites containing bio-based/natural constituents also perform better in life cycle
assessment compared to their synthetic counterparts (Joshi et al., 2004). Although the biobased/natural constituents deliver price driven PP biocomposites which also exhibit
acceptable properties, they have certain disadvantages. For example, some of the natural
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constituents are cultivated in the land where food crop could potentially be grown.
Furthermore, most natural constituents lack an acceptable thermal stability and are also
susceptible to fire i.e. high flammability (Kim et al., 2015). This necessitates application of
new bio-based materials which are inherently strong, resistant to fire and promote utilisation
of wastes, simultaneously.

The aforementioned discussion points to the fact that sustainability and safety along with
strength are the cornerstones for the development of contemporary composite products. The
organic wastes could be converted into a unique carbon-based porous solid material called
‘biochar’ through the process of pyrolysis (i.e. heating at moderate to high temperatures with
controlled oxygen input) (McDonald-Wharry et al., 2013). Conventionally the distinct
properties of biochar have been used only for filtration, contaminant removal, and soil
amendment (Keiluweit et al., 2010). However, it is envisaged that the porous and
carbonaceous structure of biochar could enhance certain properties (mechanical and
flammability) of polypropylene-based composites while reducing the synthetic polymer
content, concurrently. Despite the numerous application routes for biochar, their usage in
polymeric composites is almost non-existent. This necessitates an in-depth investigation into
the potential of biochar in the fabrication of polymeric composites. Hence, to simultaneously
impart versatility in biochar’s application, promote waste utilisation and create a novel
product, this applied research attempted to develop biochar added PP biocomposites.

1.2

Biochar

Biochar is the solid product of pyrolysis or thermo-chemical conversion of organic biomass
(Das and Sarmah, 2015). A variety of agricultural and forestry wastes can be used to
produce biochar (Kookana et al., 2011). The biopolymers, mainly hemicellulose, cellulose
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and lignin undergo thermal degradation and depolymerisation under high temperature in a
limited oxygen environment to yield biochar along with condensable (bio-oil) and noncondensable products (syngas) (Das and Sarmah, 2015). The thermal degradation of
biopolymers results in short chain polymers or monomers which exit the biomass surface as
volatiles. The pathways through which biomass progress in pyrolysis, have been widely
investigated. In a nutshell, the polycondensation reactions of cellulose and lignin result in the
formation of biochar. These polycondensation reactions are usually catalysed by the alkalines
present in the biomass (Das, 2010). A typical biochar made from poultry litter is shown in
Figure 1.1.

Figure 1.1. Scanning electron image of poultry litter biochar

Biochar is usually composed of disordered/amorphous carbon, some crystalline aromatic
sheets, and pores. Due to the evolution of volatiles, pores are formed on biochar surface, and
the extent and distribution of pores depend on the temperature of pyrolysis and the parent
biomass (Gray et al., 2014). At lower pyrolysis temperatures (~< 500 °C), biochar possesses
surface functional groups (Sun et al., 2011). Owing to the slow decomposition of biochar in
the environment, porous structure, and presence of surface functional groups, biochar has
4

been extensively used for CO2 sequestration, filtration of liquids and removal of hazardous
inorganic and organic compounds from contaminated media (Sarmah et al., 2010).
Moreover, biochars produced at high pyrolysis temperatures (e.g. 700 °C) have been found to
possess high particle hardness and stiffness due to the cross-linked carbon structure (Zickler
et al., 2006). In addition, loss of volatiles and covalently bonded carbon molecules of biochar
(produced at high temperature) could potentially render it thermally stable. The
aforementioned intrinsic structure and properties of biochar could render it a potential
reinforcement and fire resistant constituent in polypropylene-based composites, concurrently.

1.3

Biocomposites with natural/bio-based reinforcements and additives

A biocomposite is usually a blend of natural/bio-based materials (e.g. wood) and
plastic/polymer (thermoset or thermoplastic) which produces a finished product having
synergistic properties of both the individual constituents. The polymer may or may not be of
biological origin such as Poly (Lactic acid) (PLA). The manufacturing of contemporary
polymeric composites is more aligned towards the use of sustainable and renewable
materials. In the past, an array of investigations has been performed to comprehend the effect
of natural/bio-based reinforcements on the final properties of the biocomposites. Even though
natural materials possess the potential to improve composite properties, evidence from
literature has suggested some limitations. Some of these disadvantages include the
incompatibility with hydrophobic polymers, fibre/particle agglomeration during processing,
inferior moisture and fire resistance, and limited processing temperature (~200 °C) (Pandey
et al., 2015). Attempts have been made to overcome some of the disadvantages using several
physical and chemical treatments of the bio-based constituents. However, methods of
physical and chemical modification enhance the risk of chain degradation in the composite
and increase the production cost as well. More importantly, it is challenging to rectify all the
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problems associated with biocomposites (made from natural/bio-based materials) by
application of one single technique. The incompatibility between hydrophobic polymer and
hydrophilic natural materials can somewhat be alleviated using coupling agents (e.g. maleic
anhydride grafted polypropylene/MAPP). However, MAPP is petroleum derived product and
is also not cost-effective and thus does not represent the new aspect of developing
biocomposites from renewable and sustainable materials. Hence, it is imperative to use new
natural materials which can simultaneously address the challenges associated with
biocomposites, application of synthetic products, and conventional waste disposal techniques
(e.g. landfill). In the present research, it was envisaged that the application of biochar would
remedy some of the issues related to biocomposites and also provide a pathway for effective
utilisation of organic wastes.

Most natural/bio-based reinforcements (mainly due to the presence of hemicellulose and
cellulose) in composites are extremely susceptible to fire and thermal degradation. The
polypropylene having an aliphatic hydrocarbon backbone is also prone to rapid burning
without forming any char residues. The decomposition of cellulosic reinforcements starts at
around 200 °C whereas the polymer decomposes at a temperature range of 300-500 °C in gas
and condensed phases (Horrocks and Price, 2001; Zaverl et al., 2014). Thermal
decomposition of natural materials and polymers yield combustible liquids and gases/smokes
along with dripping. These combustion products could disrupt the physical integrity of the
composite while also exposing other ignition sources. This nature of composite under
combustion poses a serious threat to public safety and is also hazardous for the environment.
Therefore, it is imperative for the biocomposites to undergo treatment with fire retardants
(FRs) (e.g. ammonium polyphosphate/APP, magnesium hydroxide/Mg(OH)2, etc.) which
could hinder the burning process. However, past studies have reported that, although FRs

6

enhances the fire resistance of the composites, they are detrimental to the mechanical
properties (Arao et al., 2014; Subasinghe and Bhattacharyya, 2014). In applying natural
and bio-based materials, it is favourable to have a holistic improvement of both fire and
mechanical properties for a biocomposite. Hence, the challenge of this research is to develop
value-added

biocomposites

having

inexpensive

natural/bio-based/waste-derived

reinforcements (i.e. biochar) that can mollify the reduction of mechanical properties due to
the application of conventional FRs while simultaneously not interfering or even aiding with
the fire resistant behaviour.

1.4

Research objectives

Despite the unique properties and advantages of biochar as mentioned above, there is little to
no information available on biochar added polymeric biocomposites. The porous structure,
carbonaceous backbone, and presence of cross-linked molecules can be beneficial to
composite’s properties. Specifically, the porous structure and the cross-linked carbon
molecules of biochar could enhance mechanical properties and suppress high flammability of
polymeric composites, respectively. Therefore the overarching aim of this research was to
develop novel biochar added biocomposites and to comprehend the effect of biochar addition
in composites, particularly the mechanical and fire properties. Following are the objectives of
this research:



Firstly, biochar was added to conventional wood/PP composites at various loading
amounts and its effects on the properties of the resulting composites were studied.



Secondly, nanoindentation-assisted prediction of overall mechanical properties of
biochar added wood/PP biocomposites was done using nanoindentation properties of
the individual constituents.
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Thirdly, the type of biochar (biochars made under different pyrolysis conditions and
from diverse feedstocks) was identified which was the most suitable for the resulting
composites (containing the most appropriate loading amount of biochar).



Fourthly, the biomass type which was the most suitable with biochar in PP based
composites (containing the most appropriate biochar) was determined.



In the fifth objective, the effects of the additives (two different conventional FRs and
different loading amounts of compatibiliser) on the fire and mechanical properties of
the composites (containing the most appropriate biomass) were investigated. The
compatibiliser was utilised to observe if the production costs of the biocomposites
could be reduced by gradually decreasing the amount of expensive coupling agent in
conjunction with biochar.



Finally, an attempt was made to observe if it is possible for the biochar to produce
polymer composites with adequate properties without any other additional
reinforcements. Hence, the effect of biochar on neat polypropylene was studied using
numerous characterisation techniques to determine their mechanical, fire, thermal, and
chemical properties. Figure 1.2 illustrates the objectives of the research thesis.
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Comprehend the effect of biochar addition in wood/polypropylene biocomposites

Nanoindentation assisted prediction of bulk properties of biochar-based
biocomposites from individual properties of constituents

Identification of the type of biochar which is most suitable for composite
manufacturing

Identification of the type of biomass which is most compatible with biochar in a
polypropylene-based composite

Effect of additives on the mechanical and fire properties of biocomposites

Comparison of two conventional fire
retardants on the fire and mechanical
properties of biochar-based biocomposites

Comparison of mechanical and fire
properties of biochar-based biocomposites
having reducing amount of MAPP: a
consideration in production cost

Comprehension of the effect of biochar addition to neat polypropylene without any
other reinforcements or fire retardants or coupling agents

Figure 1.2. The flowchart of the objectives of the thesis
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1.5

A brief overview of the thesis

Chapter 1 of the thesis contains background regarding the need for waste management along
with introduction about biochar and research objectives. The subsequent chapters are
organised in the following manner.

Chapter 2 presents the literature review which includes information regarding the need for
organic waste management, basics of biochar structure and function, and relevant studies
regarding incorporation of natural/bio-based materials in polymeric composites.
Main manuscripts:


Das, O., Sarmah, A.K., Bhattacharyya, D., 2015. A sustainable and resilient
approach through biochar addition in wood polymer composites. Science of the
Total Environment. 512–513: 326–336.



Das, O. and Sarmah, A.K., 2015. The love-hate relationship of pyrolysis biochar and
water: A perspective. Science of the Total Environment. 512–513: 682–685.



Das, O., Bhattacharyya, D., 2017. Development of polymeric biocomposites:
Particulate incorporation, interphase generation and evaluation by nanoindentation.
In: Interface/Interphase in Polymer Nanocomposites, Netravali A.N., Mittal K.L.,
(editors), Scrivener Publishing LLC (John Wiley and Sons), pp. 333–374.



Das, O., Kim, N-K., Bhattacharyya, D., 2017. The mechanics of biocomposites.
In: Biomedical Composites (2nd Ed), Ambrosio, L., (editor), Woodhead publishing
(Elsevier Ltd), Cambridge, UK, pp. 375-411.

Chapter 3 is about the experimental details of the thesis. Various composite manufacturing
methods used in the research project are described in detail. The different analytical and
characterisation techniques employed to determine the mechanical, chemical, thermal, fire,
10

and microscopic properties of the individual biochars and their composites are explained
along with testing procedures.

Chapter 4 is used to observe if biochar can be integrated with the current system of
biocomposites. For this, biochar was added to wood/PP composites at various loading
amounts to understand its effect on the properties of the resulting products. The effect of
biochar on the chemistry and thermal makeup of the composites along with mechanical and
microscopic changes brought about were determined by characterising them through an array
of techniques. The most suitable loading amount of biochar was identified pertaining to the
betterment of composite’s properties.
Main manuscripts:


Das, O., Sarmah, A.K., Bhattacharyya, D., 2015. A novel approach in organic waste
utilization through biochar addition in wood/polypropylene composites. Waste
Management Journal. 38: 132–140.



Das, O., Sarmah, A.K., Zujovik Z, Bhattacharyya, D., 2016. Characterisation of waste
derived biochar added biocomposites: Chemical and thermal modification. Science of
the Total Environment. 550: 133-142.

Chapter 5 contains a unique study where the bulk properties of biochar-based wood/PP
biocomposites were predicted through established theoretical models (e.g. rule of mixtures,
Halpin-Tsai-Nielsen, and Verbeek) using the individual nanoindentation properties of each
composite constituents.
Main manuscript:


Das, O., Sarmah, A.K., Bhattacharyya, D., 2016. Nanoindentation assisted analysis of
biochar added biocomposites. Composites Part B: Engineering. 91: 219-227.
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In chapter 6, many different types of biochars (made under different pyrolysis conditions and
from diverse feedstocks) obtained from common biomass sources in NZ were tested for their
individual mechanical properties (particle hardness/modulus) using the technique of
nanoindentation. In addition, their chemical and thermal properties were also determined
accordingly. An attempt was made to correlate the biochars’ hardness/modulus with reaction
conditions and their chemical properties. Following this, the biochars were used to fabricate
wood/PP biocomposites with a loading level as identified in chapter 4. The resulting
composites were tested for their mechanical, chemical, thermal, and morphological
properties. Those biochar exhibiting the highest individual hardness and modulus and the
biochars which caused the maximum improvement of composites’ overall properties were
identified.
Main Manuscripts:


Das, O., Sarmah, A.K., Bhattacharyya, D., 2015. Structure-mechanics property
relationship of waste derived biochars. Science of the Total Environment. 538: 611620.



Das, O., Sarmah, A.K., Bhattacharyya, D., 2016. Biocomposites from waste derived
biochars: Mechanical, thermal, chemical, and morphological properties. Waste
Management Journal. 49: 560-570.

Chapter 7 presents a study wherein different types of biomass wastes (rice husk, coffee husk,
wool, and wood) were added with polypropylene (PP) and biochar to manufacture
biocomposites. The biocomposites were analysed for their fire/thermal and mechanical
properties. The biomass most suitable in biochar based PP composite was selected.
Main manuscripts:
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Das, O., Kim, N-K., Ikram, S., Sarmah, A.K., Lin, R.J.T., Bhattacharyya, D., 2017. An
attempt to find a suitable biomass for biochar based polypropylene biocomposites.
Environmental Management. Under review.



Das, O., Kim., N.K., Sarmah, A.K., Bhattacharyya, D., 2017. Development of waste
based biochar/wool hybrid biocomposites: flammability characteristics and
mechanical properties. Journal of Cleaner Production.144: 79-89.

Chapter 8 deals with the effect of additives on the properties of the composites. In particular,
the first part of the chapter employed two different conventional FRs which were added to the
composite blend. The flammability and mechanical properties of the FR added composites
were analysed accordingly and compared to each other. In the second part, an attempt was
made to comprehend if less than the usual amount of compatibiliser (MAPP) could be used,
to reduce the production costs, while maintaining similar mechanical and fire properties of
the biochar based biocomposite. The amount of MAPP was gradually reduced in the
composite blend in conjunction with biochar and the effect on macro/micro-mechanical and
fire properties were determined. Statistical analyses were conducted to observe whether the
changes in performance properties (with modifications in the MAPP amount) were
significant.
Main manuscripts:


Das, O., Kim, N-K., Kalamkarov, A.L., Sarmah, A.K., Bhattacharyya, D., 2017.
Biochar to the rescue: balancing the fire performance and mechanical properties of
polypropylene composites. Polymer Degradation and Stability. 144:485-496.



Das, O., Bhattacharyya, D., Sarmah, A.K., 2016. Sustainable eco-composites
obtained from waste derived biochar: a consideration in performance properties,
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production costs, and environmental impact. Journal of Cleaner Production.
129:159-168.

Chapter 9 presents a study which is done to observe if biochar can be applied to fabricate
composites with adequate performance properties without any other reinforcements. For this,
increasing amounts of biochar were added to neat polypropylene (without any other
reinforcements or FRs or coupling agents). Various characterisation techniques determined
the mechanical, chemical, thermal, fire, and microscopic properties of resulting composites.
Main manuscript:


Das, O., Bhattacharyya, D., Hui, D., Lau, K.T., 2016. Mechanical and flammability
characterisations of biochar/polypropylene biocomposites. Composites Part B:
Engineering. 106: 120-128.

Chapter 10 summarises the overall results obtained in the research project and presents the
final accomplishments of the thesis. Finally, recommendations for potential future work on
biochar addition in composites are presented.
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2 Chapter 2: Literature review
This chapter has been extracted from the following manuscripts:


Das, O., Sarmah, A.K., Bhattacharyya, D., 2015. A sustainable and resilient
approach through biochar addition in wood polymer composites. Science of the
Total Environment. 512–513: 326–336.



Das, O. and Sarmah, A.K., 2015. The love-hate relationship of pyrolysis biochar and
water: A perspective. Science of the Total Environment. 512–513: 682–685.



Das, O., Bhattacharyya, D., 2017. Development of polymeric biocomposites:
Particulate incorporation, interphase generation and evaluation by nanoindentation.
In: Interface/Interphase in Polymer Nanocomposites, Netravali, A.N., and Mittal
,K.L., (editors), Scrivener Publishing LLC, pp. 333–374.



Das, O., Kim, N-K., Bhattacharyya, D., 2017. The mechanics of biocomposites.
In: Biomedical Composites (2nd Ed), Ambrosio, L., (Editor), Woodhead Publishing
(Elsevier Ltd), Cambridge, UK, pp. 375-411.

This chapter presents the need for organic waste management, basics of biochar structure and
function, and relevant studies regarding incorporation of natural/bio-based materials in
polymeric composites. The first part of the chapter discusses the need for waste utilisation
and the importance of biomass derived materials in achieving sustainability. The second part
of the chapter lays down the evolution and challenges associated with biocomposites having
natural/bio-based materials. Then, the mechanics of particulate based composite is
introduced. The next part of the chapter presents fundamental properties of biochar and the
studies which included biochar in manufacturing several types of composites are critically
reviewed. The technique of nanoindentation to evaluate the micro, sub-micro, and nano
15

properties of composites is discussed. The final part of the chapter discusses flame retardant
treatments on biocomposites along with different types of flame retardants, the principle of
char formation with some critical reviews of past research.

2.1

Introduction

The need for energy is manifold and extends to transportation, food production, irrigation,
industries etc. (Asadullah et al., 2007). Population growth, technological advancement, and
commercialization are responsible for the increase in the demand for fossil fuels. The
utilisation of fossil fuel has contributed to pollution and greenhouse gases which have
detrimental effect on the environment (Klass, 1998). Fossil fuels are non-renewable
resources and it takes millions of years to form, and with the continued dependence of human
beings on these resources, global reserves are being depleted much faster than new ones are
being found (Folland et al., 2002). The over usage of fossil fuels has created a disparity
between demand and supply in a continuously expanding economy (MacCraken, 2008),
which in turn is going to escalate the price of fossil fuel derived products in the near future.
The lavish use of fossil fuel derived products has created a problem which is twofold in
nature: diminution of petroleum-based materials and grid locking of synthetic products in the
environment and food chain (John and Thomas, 2008). These synthetic materials, mainly of
polymeric nature, form one of the spearheading factors in environmental deterioration given
their production, application and disposal, all lead to pollution by adding non-degradable
materials to soils and toxic gases to the atmosphere.

Stimulated by the deteriorating environment, the policy makers and governmental agencies
are focussing their attention on the adverse effects of landfilled organic wastes which include
but are not limited to greenhouse gas production, water contamination and toxin production
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(Emberton and Parker, 1987). Methods are being investigated to recycle and reduce these
wastes which would consequently lower pollution and save energy. Biochar is a
carbonaceous and renewable material which can be produced by the thermo-chemical
conversion of these organic wastes (Sohi et al., 2010). Until now, biochar has mainly been
used in soil amendment and contaminant removal (Kookana et al., 2011; Srinivasan and
Sarmah, 2014). Biochar can also be potentially used to develop polymer composites owing
to its porous structure and carbonaceous nature. This application of biochar in biocomposites
can widen its usability; produce improved composites while managing wastes in a sustainable
way. However, to date, very limited number of studies has been conducted which involved
biochar in polymer composites.

From the above discussion, it becomes clear that economic competency, ecological
efficiency, and sustainable manufacturing should be the cornerstones for guiding the present
situation towards a habitable next generation. It is therefore critical to develop methods and
materials that a) offset the use of fossil fuels, b) utilise wastes and, c) are innocuous to the
environment as well.

2.1.1 Roles of natural/bio-based materials in sustainability
In the light of the problems associated with the application of petroleum-based products, it
becomes vital to resort to techniques and processes that encourage the development of biobased materials. These materials would primarily be able to reduce the ubiquitous
dependency on fossil fuels and minimise wastes simultaneously. Furthermore, the bio-based
materials would promote the concept of sustainability and would be capable of being
resilient, diverse, efficient, adaptable, and finally compete with the present petroleum
dominated markets (Fiksel, 2003).
17

The inception of biocomposites as technology goes beyond the boundary of mitigating the
prevalence of synthetic composites. This suite of technologies has the potential to overcome
the limitations of synthetic composites by being eco-friendly, biodegradable, renewable, and
flexible in design. Biocomposites are typically made by combining two or more constituents
(natural fibres and natural/synthetic polymers) which have different physical and chemical
properties, and which stay distinct macroscopically in the final product while exhibiting
synergistic material properties (John and Thomas, 2008). The bio-based materials include
but are not limited to forestry and agricultural wastes which are generally lignocellulosic in
nature. Furthermore, the ideology of attaining a sustainable society is driven by the fact that
the biocomposites would be a) insipid in the environment and b) pecuniary in markets. The
development, disposition, and disposal of these biocomposites can be viewed as carbon
neutral/negative (Thomas et al., 2014). Figure 2.1 describes the mechanism by which the
process involving biocomposites delivers back the CO2 to the plant from which the raw
materials were procured in the first place. When biocomposites are made from petroleumbased products, the CO2 produced upon their disposal, and subsequent degradation adds to
the existing pool of CO2 in the air. This is due to the fact that the plants which were
responsible for the production of the fossil fuels are non-existent in the present day (Folland
et al., 2002). On the contrary, when biocomposites are derived from a plant based product,
the CO2 generated when they are disposed of, is absorbed back by the same generation of the
plants. Thus, the process of manufacturing biocomposites from plant based raw material
does not contribute to CO2 in the environment. On the other hand, biocomposites made from
organic wastes would act as a carbon sink making the whole process carbon negative.
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Figure 2.1. Carbon neutral/negative nature of biocomposites

The basis of a sustainable system requires the maximum utilisation of renewable resources,
and materials prepared from lignocellulosic sources/organic wastes are the paragon of
renewability. These biomass-based materials aptly fit into the current scenario of industrial
products. Thus, the use of petroleum-derived plastics would be abated resulting in a lower
release of CO2 to the atmosphere and less expenditure of energy leading to the distending of
fossil fuel usage. Plastics are being made from biomass such as Poly (Lactic Acid) (PLA) and
Poly Hydroxyalkanoic Acid (PHA) which are biodegradable, cultivated on a regular basis,
employed in cascade system of use, reduce carbon footprint and are benign in nature. Hence,
plastics derived from lignocellulosic/waste materials have the potential to replace synthetic
plastics promoting comprehensive environmental protection while simultaneously being
applicable in most industrial practices.
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The major drawbacks of bio-based/synthetic plastics are their poor mechanical properties as
they lack strength and stiffness of inorganic materials such as carbon and glass. To promote a
sustainable society, it is not desirable to reinforce the bio-based plastics with inorganic
materials. However, many of these natural materials possess desirable specific properties due
to their low densities (Duhovic et al., 2009). Furthermore, these plant-based materials have
the advantages of being cheap, having acceptable mechanical properties and biodegradable.
In addition, the processing of bio-based materials is mostly safer than that of synthetic fibres.
Furthermore, the mixing and moulding instruments do not experience severe abrasions from
bio-based materials, thus enhancing their life and reducing expenditure. Bio-based materials
are renewable resources, which upon combustion, composting, and clearance do not
contribute to the atmospheric CO2. The other favourable points of using bio-based materials
are that they are naturally abundant, are less likely to cause dermal diseases, resistant to
electricity, and possess good recycling and insulating properties (John and Thomas, 2008).

The increased dependencies on the utilisation of fossil fuel based products have created an
awareness amongst the countries to resort to a more renewable and sustainable approach.
This has resulted in governments passing rigid regulations to protect the environment, and
make it safer for the future generation. As a consequence, ‘green’ products are being
harnessed that eliminate the application of hazardous materials while maximising the
utilisation of feedstocks and minimising the formation of recalcitrant waste. The usage of
above-mentioned plant based lignocellulosic materials/organic wastes to reinforce polymers
can be viewed as an ideal opportunity to sustain the environment and achieving acceptable
product properties (Mohanty et al., 2002a; Netravali and Pastore, 2014).
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2.1.2 Organic waste streams: Logistics and potential problems
In NZ, substantial amount of organic/wood waste is produced by the forestry industries and
commercial establishments. The wastes, if utilised properly, could form the basis of a
sustainable and renewable economy. However, as of now, these woody wastes are being
dumped in landfills. The landfilled wastes undergo degradation aided by bacteria which in
turn add up to the existing pool of greenhouse gases in the environment. The leachates from
the landfilled wood can also eventually contaminate the water table (Sweet and Fetrow,
1975). Though NZ is aligning itself to adhere to the Kyoto protocol, the total amount of
greenhouse gases and CO2 have increased 5% and 19%, respectively since the year of 1990
(EECA, 2001). Due to this, a ‘waste minimisation strategy’ was proposed by the government
where the amount of woody wastes going into landfills would be curbed (Boyle, 2000).

By the year 2020, the total amount of wood residues in New Zealand is expected to be around
6.7 million cubic metres (Gifford et al., 1999). According to a report from the Ministry of
the Environment (1997), 3.2 million tonnes of the wastes ended up in landfills in the year of
1997: municipal and household wastes contributed to 1.7 million tonnes whereas construction
wastes accounted for 1.5 million tonnes. The synergy among different technologies,
organisations, and sectors is needed to realise the potential of these wastes as precursors of
value-added products. Instead of focussing on a single technology for conversion or a single
application of the value added product, a holistic approach is required to optimise the
utilisation of these wastes. One such promising conversion technology is ‘pyrolysis’ which
produces a solid product called biochar. Though biochar is increasingly being used in soil
(Krishnakumar et al., 2014) and contaminant remediation (Sarmah et al., 2010), other
potential applications of biochar need to be investigated to maintain the versatility of the
value-added product.
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2.2

The evolution and challenges of biocomposites

The past century has seen a worldwide utilisation of polymeric composites with synthetic
reinforcements owing to the high energy, density, and cost associated with metal based
products (Fowler et al., 2006). The polymer composites with synthetic reinforcements have
varied applications in aerospace, building industry, transportation, domestic appliances, and
many other areas, due to their superior mechanical performance. However, due to renewed
interest in environmental safety, concerns related to health and realisation of finite nature of
petroleum resources, a more sustainable manufacturing approach is being adopted and
encouraged. Bio-based constituents are being increasingly used as fillers or reinforcements in
polymer-based composites. Thus, environmental compatibility of polymer composites has
become an important consideration as a means to reduce potential hazards linked to pollution.

In order to attain a sustainable society, it is imperative to create materials that are renewable
in nature. Bio-based materials are apt to suit the growing need for sustainability as they can
be integrated into industrial practices. On the other hand, process and products are being
developed which contain minimum amount of petroleum-derived materials. The application
of fossil fuel based products has difficulty in being recycled owing to their non-biodegradable
nature. In addition, incineration of the petroleum based products creates further problems of
air pollution, greenhouse gas emission, and global warming. Therefore, the manufacture of
composites containing natural materials needs to be exploited at social, environmental, and
ecological levels to satisfy the stringent regulations set by regional councils and local
governments. The biocomposites would be carbon neutral/negative in nature, consequently
promoting environmental protection on a global basis. Compared to petroleum/synthetic
reinforcement based composites, the biocomposites have fewer environmental impacts (John
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and Thomas, 2008), and therefore, it is safe to assume that biocomposites would find more
usage in the present society through their application in diverse sectors.

Composites with bio-based reinforcements are a price-driven commodity as they have
comparable mechanical properties to those of many synthetic counterparts, but at a lower
price (Mohanty et al., 2001). There are several advantages of natural reinforcements for
composites over the synthetic/inorganic ones, such as high toughness, low density, ease of
processing, low abrasion, abundance, biodegradability, along with comparable mechanical
properties. In addition, sometimes, the inherent and unique properties of bio-based
reinforcements can positively contribute towards the functional properties of the final
composite product. In this regard, the biocomposites can be considered as advanced
multifunctional materials because in addition to their environmental innocuousness, they
possess superior mechanical, flame retardant, soundproofing, and energy absorption
properties. Following are the main factors that govern the insurgence of natural bio-based
reinforcements in composite fabrication:


Production and processing have much lower environmental impact compared to that
of the synthetic counterparts.



The synthetic polymer content in a composite can be reduced by the application of
natural or bio-based reinforcements.



After application, biocomposites can be naturally biodegraded aided by microbes (as
opposed to incineration) leading to higher energy recovery and carbon credits.



Due to the lightweight nature, biocomposites could potentially reduce fuel
consumption and running costs in automotive industry (Ashori, 2008).
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The market potential of biocomposites can be comprehended by their popularity in the
automotive, aerospace, packaging, and construction industries. In order to reduce the weight
of the vehicle, the automotive industry is favouring biocomposites over conventional steel
and aluminium. In fact, polymeric composites have the potential to comprise up to 15% of
the total weight of the vehicle (Mohanty et al., 2002b). In recent years, the automotive
industry has shown increasing interest in biocomposites to offset production costs while
maintaining a sustainable approach. The European Commission set a guideline in the year
2000 wherein 95% weight of a vehicle had to be recyclable by 2015 (Ashori, 2008). Such
initiatives by government warrant increased use of biocomposites. Traditionally, the polymer
industry has used inorganic reinforcements such as talc, mica, CaCO3, glass fibres but at the
beginning of the millennium, about 460 million pounds of biocomposites were produced
worldwide (Ashori, 2008). In North America alone, the market value for biocomposites was
~$ 1.4 billion in 2005 and is projected to increase to $ 5.38 billion globally by 2019
(Mohanty et al., 2002a). Figure 2.2 illustrates the sectors where biocomposites were used in
Europe in the year 2012 [http://news.bio-based.eu/biocomposites/].

Figure 2.2. Usage sectors of biocomposites
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2.2.1 The definitions of composite and its constituents
Composite: A composite is a material that comprises two or more distinct components which
when united result in a new material having properties which are different from those of the
individual constituents (John and Thomas, 2008). In general, composites consist of a
continuous matrix which embeds a reinforcement phase which has typically high strength and
stiffness. The matrix material is comparatively weaker and pliable than the reinforcement.
The primary function of this matrix is to absorb external loads through shear stress at the
interface with its reinforcement. In addition, the matrix also shields the reinforcement from
environmental damage. The reinforcement by itself might not be able to transfer loads, but in
conjunction with a matrix, it can effectively do so.

Biocomposites: Biocomposites are composite materials where one or more of the constituents
have been derived from a biological or natural source. Typically, the reinforcement is from
fibres and particles of biological origin. These include but are not limited to flax, jute, wood
flour, cotton, hemp, etc. (John and Thomas, 2008). The matrix of the composite can also be
procured from biological sources such as starch, cellulose, rubber, fungus, albumin, etc. (Yu
et al., 2006). However, use of synthetic polymers such as polypropylene (PP), polyethylene,
poly (vinyl chloride), and polystyrene is more common in the composite science and
technology arena.

The reinforcement: Fibres, both in elongated and particulate forms, act as the reinforcement
in composites providing the necessary strength and stiffness. The final mechanical
performance of the resulting composite is governed by the inherent properties of the fibres.
Inorganic reinforcements include glass fibre, nylon, acrylic, etc., whereas natural
reinforcements include vegetable/plant fibres, animal fibres, and mineral fibres. Figure 2.3
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presents the different classes of bio-based reinforcements/fibres. A new class of composite
reinforcement, called biochar, would be discussed in detail subsequently. The choice of the
reinforcements and the fibres are based on the desired values of strength, stiffness, and
thermal stability of the composite. The cost, availability, and ease of processing are other
factors that determine the selection of particular reinforcements for biocomposites.

Figure 2.3. Different classes of bio-based reinforcements/fibres

The matrix: The matrix in a composite provides the platform for the reinforcement, while
also transfers applied loads. Typically, the matrix in a composite is either a thermoset or
thermoplastic polymer such as epoxy, polypropylene, polyethylene, poly (vinyl chloride), etc.
Although, it is desirable to derive the matrix polymer from renewable/ bio-based resources, at
present, synthetic polymers dominate the composite industry. Keeping in mind the current
predominance of the synthetic polymeric matrix, the aim should be to maximise the
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renewable portion and minimise the synthetic portion of composites while simultaneously
maintaining acceptable mechanical performance (Fowler et al., 2006).

2.2.2 Physical and chemical structures of bio-based reinforcements
2.2.2.1 Plant/vegetable based reinforcements/fibres
2.2.2.1.1 Physical structure
The physical and morphological structures of the bio-based reinforcements/fibres can be
described as a layered structure. On the microscopic level, natural fibres are solid with pores
made up of hollow tubes like cells called tracheids. The diameters of these tracheids are
several micrometres, and they are several millimetres in length. The cell wall of natural fibre
is stacked up in layers, and the secondary cell wall layer also called S2 is the thickest (Sarén
and Serimaa, 2006; Zickler et al., 2007).

2.2.2.1.2 Chemical structure
Natural/bio-based reinforcements/fibres/materials consist mainly of three different polymers
namely: Cellulose (C6H10O5)n; Hemicellulose (C5H8O4)n and Lignin (C9H10O2). Apart from
these, there is extractives and ash. The proportion of these constituents varies from species to
species and also with the location for a single species.

2.2.2.1.2.1 Cellulose
Cellulose is a polysaccharide consisting of a linear chain of several hundred to over ten
thousand β (1→4) linked D–glucose units (Crawford, 1981) (Figure 2.4). 2 • 1015 kg of
cellulose exists in the environment at any given point of time, making it the most abundant
organic material on Earth (Campbell, 1983). The properties of natural fibres like
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tastelessness; odorlessness; hydrophilic, water insoluble; chiral and biodegradable are often
associated with cellulose.

Figure 2.4. Structure of glucose

Cellulose molecules are arranged linearly and possess intra-molecular and inter-molecular
hydrogen bonds. Therefore, bundles of cellulose molecules are present together to create
microfibrils, where highly ordered crystalline regions and less ordered amorphous regions are
alternatively present. Fibrils are made from microfibrils which, in turn, make cellulose fibres.
The cellulose that constitutes natural fibres is arranged in microfibrils parallel to each other
which are encased with lignin, acting as adhesive. The crystallinity of cellulose is typically
determined by X-ray diffraction (XRD). Native crystalline cellulose consists of two phases:
I/triclinic cellulose and I/monoclinic cellulose. Both phases are frequently found to coexist
in structures of the cell wall in conjunction with amorphous cellulose (Atalla and
Vanderhart, 1984). The cellulose I phase is thermodynamically more stable than the I
phase, but the cellulose produced by terrestrial plants has more I (O’Sullivan., 1997;
Yamamoto et al., 1989; Zhao et al., 2006). The orientation of chains along the microfibrils
is different in I and I forms. The central chain of the I phase is rotated to some degree
with respect to the corner chain. Compared to the I phase, the I phase has more
intermolecular hydrogen bonds (O2–O6 and O3–O6) which provide stability (Mazeau and
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Heaux, 2003). A single unit of native cellulose has four D–glucose residues. The cellobiose
residue is the repeat unit, and every glucose residue is accordingly displaced 180o with
respect to its neighbours, thus giving cellulose a 2-fold screw axis. Each of the glucose
residues creates two intra-molecular hydrogen bonds (03–H…05 and 06…H–02) (Gardner
and Blackwell, 1974).

2.2.2.1.2.2 Hemicellulose
Hemicellulose is a collection of heterogeneous polysaccharides created by biosynthetic
pathways that are different from that of cellulose. About 20 mass % of the biomass of most
plants consists of hemicellulose. Unlike cellulose, several sugars like xylose, mannose,
galactose, rhamnose, and arabinose make up hemicellulose. Compared to 7,000-15,000
glucose molecules in the average cellulose polymer, hemicellulose has much shorter chains
(about 200 glucose molecules). Hemicellulose is amorphous in nature where lateral chains
branch out from a central chain (Das and Sarmah, 2015). Figure 2.5 illustrates a typical
hemicellulose structure: D–Xylan units joined in 1, 4 positions.

Figure 2.5. Structure of hemicellulose

Hemicellulose acts as the matrix where the cellulose chains are embedded in cell walls of
natural fibres. Furthermore, hemicellulose is the most hygroscopic component of the cell
wall. Monomers of hemicellulose (D–Glucose, D–mannose, D–Galactose, etc.) can be easily
made through the process of acid hydrolysis (Campbell, 1983). Hemicellulose possesses a
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complex structure, and the presence of an array of sugars renders it susceptible to thermal
treatment. The amorphous nature of hemicellulose is attributed to the arrangement of
molecules in a non-linear fashion and their growth into secondary branches.

2.2.2.1.2.3 Lignin
Lignin is an integral part of the secondary cell walls of natural fibres. It is linked to
hemicellulose through covalent bonds and thus crosslinks different polysaccharides,
conferring mechanical strength to the cell wall and by extension to the plant as a whole
(Chabannes et al., 2001). Lignin is a 3D polymer which is complex and amorphous in
nature, and it contributes towards cell genesis. Lignin acts as an adhesive and strengthens the
cell walls to resist external mechanical loads (see Figure 2.6). The lignin matrix allows
cellulosic crystals to remain immersed with a diameter of 3.5 nm. The covalent intramolecular bonds and inter-molecular Van der Waals links determine the arrangement of these
cellulosic crystals. Phenylpropane is the basic structural component of lignin. Classification
of lignin can be done through its structural elements: guaiacyl lignin, a polymerisation
product of coniferyl alcohol, is present in most softwood. The syringyl lignin, a co-polymer
of coniferyl and sinapyl alcohol, is present mostly in hardwoods. In syringyl monomers,
additional methoxy groups are present in the carbon in the 5th position in the ring. In guaiacyl
lignin, 25 % of the bonds are stable C–C linkages at C–5 positions. However, the most
common linkages are β–O–4 ether bonds which contribute to more than 50% of the mass of
the natural fibres (Dey and Harborne, 1989).
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Figure 2.6. Structure of lignin

2.2.2.1.2.4 Extractives
Natural fibres also contain a trace amount of extractives, which include but are not limited to
fatty acids, lipids, terpenoids, phenolic compounds, resin acids, steryl esters, sterol, and
waxes. Generally, the amount of extractive is between 2-5 mass%. However, it can go up to
15 mass % (Zhang et al., 2007). Although extractives contribute only a few percent of the
total biomass composition, they can have a significant impact on its properties. For instance,
extractives protect the biomass from decay, add colour and odour, and sometimes enhance
strength properties. On the other hand, extractives can have adverse effects too: cause
hindrance in the setting of concrete, glues, and finishes; create problems in papermaking;
facilitate corrosion of metals which are in contact with biomass; pose health hazards, and
affect the stability of colour to light.

Extractives can be removed from the biomass using mild acid hydrolysis (Das and Sarmah,
2015) and also with inert solvents such as ether, benzene-alcohol, acetone, etc. Extractives do
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not contribute towards structural integrity owing to their low molecular weights (Monteiro
and Veloso, 2004). Generally, two sources govern the presence of extractives: the first source
is the plant’s secondary metabolites; the second is artefacts from further modification of
metabolites by means other than metabolic processes of a plant or from external sources.

2.2.2.1.2.5 Inorganic ash
The ash accounts for the inorganic minerals found in biomass/natural fibres. Generally, upon
burning about 0.4-2.0 mass % of ash is obtained (Misra et al., 1993). Ash is mostly made up
of alkali and alkaline earth metals (Das and Sarmah, 2015). Amongst them, elemental
calcium dominates when the total mass percentage is concerned.

2.2.2.2 Animal based reinforcements/fibres
2.2.2.2.1 Physical structure
Most mammalian hairs contain α–keratin fibres, which are chemically stable, unreactive, and
insoluble (Kim et al., 2015). Mammalian fibres contain the following main morphological
components: cuticle, medulla, and cortex. The cuticle is the protective outer layer which is
translucent in nature and covers the shaft. The scales of the cuticle are always aligned in a
direction opposite to the root, thus, causing enhanced friction and facilitating felting. The
waxy coating on the scale provides the hair with essential water repellent properties. The
medulla constitutes a minor component of the hair, which might be aligned along the axis of
α–keratin fibres in a continuous, discontinuous, or fragmented state. The medulla of human
hair is amorphous in nature whereas animal hair medulla is more ordered. The main
component of hair is cortex (~90%) which is elongated, spindle-shaped cells about 100 μm
long (Bhattacharyya et al., 2015). The matrix of the fibres is embedded with intermediate
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filaments called microfibrils which are responsible for providing the necessary mechanical
strengths. Figure 2.7 shows a typical structure of wool fibre (Bhattacharyya et al., 2015).

Figure 2.7. Typical structure of wool fibre
Silk is a protein based fibre which is made by silk worms but can also be procured from
spiders. Due to the properties like lustre, strength, hydrophilic, stain resistant, silk has been
used to manufacture textiles for a long time. The protein of silk is made up of antiparallel β–
pleated sheets which are crystalline in nature. The superior mechanical properties of silk fibre
are attributed to the highly ordered and aligned structure of these β–sheets (Marsh et al.,
1955).

2.2.2.2.2 Chemical structure
Protein based fibres are typically comprised of carbon, hydrogen, nitrogen, oxygen, and
sulphur elements. The fibres are a chain of amino acids joined by peptide bonds. The general
chemical formula of protein is –NH2CHRCOOH with two functional groups of carboxylic
acid and amine. The ‘R’ in the formula indicates a side chain in the amino acid. The
arrangement of amino acids in a protein fibre is denoted as primary structure, where the
atoms are joined through covalent bonds within the chain. Every protein has its own unique
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sequence of amino acids. Three types of intra/inter-molecular bonding can occur in a protein
molecule: hydrogen, ionic, and covalent. The protein chains sometime arrange themselves to
enhance the aforementioned intra/inter-molecular bonding giving rise to secondary structures.
A helical structure is found in mammalian hair whereas a pleated sheet structure is more
prevalent in silk fibres. Hydrogen bonds provide the secondary structures with the required
stability. Silk has 16 and wool has 18 α–amino acids, with specific groups of amino acids.
Protein fibres are naturally and inherently resistant to heat, cold, water, environmental attack
owing to the formation of disulphide bonds through the reaction of cysteine residues
(Bhattacharyya et al., 2015).

2.2.3 Research and development of biocomposites
Increased environmental awareness and dwindling petroleum resources have together created
the motivation to explore and use materials that are plant/waste based. These motivations
coupled with regulation based impetus enforced by governments of different countries have
led to the research and development of composites that are bio-based.

In the industry sector, wheat straw and sunflower hulls were used in conjunction with
isocyanate

resins

to

make

composite

for

furniture

applications

(http://www.environbiocomposites.com/). Elsewhere, composites were made from natural
fibres like kenaf and hemp blended with polypropylene and polyethylene terephthalate for
numerous

applications

encompassing

automotive

and

construction

sectors

(http://www.flexformtech.com/Downloads/). Elsewhere high performing and cheaper resins
from plant oils were produced by John Deere and University of Delaware (Wool and Hong,
2005).
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In the academic sector, Harish et al., (2009) investigated the application of coir, a natural
fibre abundant in India, to make composites. The authors evaluated the tensile, flexural and
impact strength of the coir composite and compared them with synthetic plastics. The coir
composite’s mechanical properties were found to be considerably inferior to the synthetic
plastics’ mechanical properties. Although the researchers applied an innovative plant-based
fibre to make composites, they did not provide any recommendation to improve the
mechanical properties of the natural fibre composites. Elsewhere, Jústiz-Smith et al., (2008)
have investigated the potential of three Caribbean natural fibres (banana trunk, coconut coir,
and sugarcane bagasse) for manufacturing of composites and measured the mechanical
properties. Though banana trunk fibres exhibited the best mechanical properties; it also had
the highest ash content. Rao and Rao, (2007) compared the mechanical and physical
(moisture and density) properties of vakka (Roystonea regia) with conventional natural fibres
(palm, coconut, banana, and sisal) that are generally investigated for biocomposites. The
authors found that the moisture content of vakka was higher than the established fibres;
however, its density was lower. They also observed that the values of the tensile strength of
vakka were higher than palm and coconut fibres but were similar to banana and sisal. Though
the authors were successful in demonstrating the usefulness of a new plant based natural
fibre, its efficacy can only be validated once vakka is incorporated into a biocomposite and
the resultant mechanical properties are analysed.

Table 2.1 summarises the disadvantages of some common bio-fibres used in various studies.
It is clear that the bio-based fibres lack the strength and stiffness of a synthetic one. Other
factors that hinder the propagation of natural fibres into the composite market are the
uncertainty in the quality of the bio-based fibres and the inconsistency in their physical
properties. Although bio-based fibres are abundant, their steady supply is an issue. Moreover,
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before the natural fibres are fully incorporated into the market, a complete life cycle
assessment (LCA) is critical (Fowler et al., 2006), which would provide an insight into the
sustainability of the product as well as its impact on the environment. While, the addition of
more renewable fibres means sacrificing the strength of the resulting composite but new
fibres, process, and fillers may be probed into so that the biocomposite can be used in diverse
and demanding applications.

Table 2.1. Disadvantages of common bio-fibres
Biofibres

Origin*

Disadvantages

References

Jute

Stem

Poor interfacial
adhesion

Plackett et al., 2003

Bamboo

Grass

Poor thermal flow

Lee and Wang., 2006

Coir

Fruit

Vakka

Leaf

Hemp

Stem

Inferior mechanical
properties
Higher moisture
content
Low thermal stability

Harish et al., 2009
Rao and Rao., 2007
Masirek et al., 2007

*John and Thomas, (2008)

2.2.4 Challenges relating to biocomposites
Issue 1: The tendency of bio-based materials/reinforcements to attract water decreases the
mechanical properties of biocomposites causing thickness swelling and dimensional
instability (Ashori, 2008), which consequently diminishes its application in the outdoor
scenario. A study by a group of researchers revealed that moisture content of wood/plastic
composite (WPC) increases with increasing wood content in the composite, and it showed a
linear relationship with time (Klason et al., 1984). This finding was corroborated by another
study where WPC with polystyrene was subjected to ASTM 1037 standard test (Liang,
1996). The author found that the moisture adsorption and the resulting thickness swell were
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inversely proportional to the amount of polymer content in the WPC. Fibre modification by
hydrophobic chemicals has been attempted to reduce the affinity of bio-based materials
towards the water. Initial treatment of fibres with acetylation, silylation, methylolmelamine
compounds, and vinyl monomers have shown that the manufactured composite is resistant
towards moisture (Ashori, 2008; Fowler et al., 2006; Gassan and Bledzki, 2000). However,
more work is essential in order to make the biocomposites more resistant towards moisture.

Issue 2: The poor interactive properties of the main constituents (reinforcements and polymer
matrix) make biocomposites suffer from dimensional instability and inferior mechanical
properties. The polarity of bio-based materials is provided by the hydrogen bonding between
bio-polymers and the water molecule. In contrast, plastic/polymer is hydrophobic and nonpolar in nature which repels water. A coupling agent is used in small quantities (3-5 wt %)
during compounding, which enhances the chemical compatibility of bio-based materials and
the polymer by allowing a uniform dispersion of reinforcements along the matrix of the
polymer (Sallih et al., 2014). The polymer backbone in the coupling agent creates
crosslinking with the polymer matrix whereas the anhydride group forms chemical bonds
with the bio-based materials thus, acting as a bridge between the polymer and the bio-based
materials (Keener et al., 2004). The coupling agents consist of bonding agents, surface active
agents, and dispersing agents which facilitate covalent bonding, hydrogen bonding, polymer
chain entanglement, and Van der Walls forces (Lu et al., 2000). The application of coupling
agent is an extra step that manufactures have to undergo, which requires the choice of right
coupling agent, procurement, and its implementation, making it energy intensive, costly, and
time-consuming. Hence, new production methods should be investigated where the use of
coupling agent can be reduced.
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Issue 3: The bio-polymers of natural materials undergo thermal breakdown and form
degradation products starting at about 200 °C and hence limit the use of polymers with higher
melting points (Wolcott and Englund, 1999). The thermal degradation of bio-based
materials causes the composite to have pores; low density and compromise its mechanical
properties. Georgopoulos et al., (2005) performed studies to investigate the possibility of
extending the thermal degradation temperature of wood by applying monomers. The wood
was treated hydrothermally prior to the compounding, and as expected, the hemicellulose was
removed from the wood leaving behind only cellulose and lignin. However, further studies
need to be done to overcome the low thermal stability of bio-based materials. The polymer
having hydrocarbon backbone is extremely susceptible to fire and combustion. This rapid
combustion behaviour of polymer in a biocomposite could pose a serious threat to public
safety and may not be environmentally benign.

The aforementioned limitations are hindering the propagation of biocomposites into a diverse
application. It is difficult to address all the problems associated with biocomposites in one
single study i.e. catering to one weakness of a biocomposite leaves the other unattended.
Hence, it is preferable to explore other avenues where multiple problems of biocomposites
can be solved simultaneously.

2.2.5 Particulate composites
This section would mainly focus on the theories and practice of particulate filled composites,
which can be both inorganic and organic in nature. The reinforcement in the polymeric
composite can be different from long and continuous fibres and take the shape of small
spherical, square, or needle-like particles called particulate and short fibre composites. For
the past half century, considerable attention has been given to enhance the mechanical
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properties of polymers through the addition of particulate reinforcements. The final goal of
the application of particulates is to impart the property of embrittlement in the resulting
polymeric composite. Various applications have seen the utilisation of particulate filled
composites. The use of particulates in Europe reached as high as ~5 million tonnes in the late
2000s (Moczo and Pukanszky, 2008). Although the inception of the particulate application
was intended to reduce the processing and product costs, the increasing demand for technical
advancement, high material properties, and rising costs, led to the exploration of all the
potential benefits of the particulate reinforcements. Particulate reinforcements have numerous
advantages in composites which include but are not limited to imparting stiffness (also
strength in some cases), decreased shrinkage, increased heat deflection temperature,
enhancing the finish of the composite, etc. Furthermore, unique functional properties can be
bestowed on the polymeric composites through the addition of particulates having inherent
advantageous characteristics. Application of ammonium polyphosphate (APP) to create fire
retardant polymeric composites is such an example (Kim et al., 2015). Table 2.2 presents the
common particulate reinforcements used in polymeric composites. It can be observed that
carbon black is one of the popular reinforcements in the composite industry. Besides, a new
kind of bio-based particulate reinforcement, biochar has been included in the table which
would be discussed in detail subsequently.
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Table 2.2. Common particulate reinforcements in composites

Particulate Reinforcements
Carbon Black
Talc
Wollastonite
CaCO3/Dolomite
Fumed Silica
Precipitated Silica
Al(OH)3
Wood flour/fibre
Mg(OH)2
Quartz
Kaolin
Calcined Clay
Biochar

Amount in tonnes
2000000
200000
20000
1500000
100000
225000
250000
20000
20000
100000
200000
50000
In its infancy

2.2.5.1 Properties of particulate based composites- governing factors
The factors that determine and regulate the efficacy of mechanical, thermal, and fire
performance of particulate reinforced composites are characteristics, structure, composition
of particulates, and interfacial adhesion between the particulate and the polymeric matrix.
Although individual particulates can have their inherent properties, the aforementioned
factors are the primary governing factors for the final characteristics of the resulting
composite. These factors equally affect the performance of the resulting particulate
composite; however, to optimise the production process and product properties, the factors
should be controlled carefully.

2.2.5.1.1 Particulate properties
Inherent characteristics of the particle such as hardness, stiffness, chemical composition,
purity, surface area, etc. are all decisive in determining the final performance of the resulting
composite. In addition, the properties of the polymeric matrix also influence the efficacy of
the particulate reinforcement. In general, a weak and pliable matrix will have a more
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pronounced effect from its particulate reinforcement. It is important to characterise the
particulate reinforcements to predict their possible impact on the final performance of the
resulting composite. The individual mechanical properties of the particles can be determined
by the technique of nanoindentation as discussed in the following sections. Furthermore, their
chemical, thermal, crystalline properties can be examined by an array of analytical techniques
such as Fourier transform infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA),
X-ray diffraction (XRD), etc. The variation in the property of the particulate constituents
would affect the composite characteristics, and hence, it is important to find out their inherent
nature early in the processing phase.

2.2.5.1.1.1 Size and distribution of particulate reinforcements
The size of the particulate reinforcement has a profound effect on the properties of the
resulting polymeric composite. Numerous studies have been conducted to determine the
effect of particle size on the mechanical properties of the composites (Cho et al., 2006; Fu et
al., 2008; Lauke, 2008). There exist contradictory reports, in the present literature, on the
effect of particulate size on the mechanical properties of the composites. Typically, it is
assumed that smaller particles enhance the composite’s strength and stiffness whereas these
reduce the impact strength. However, Lauke, (2008), reported an increase in fracture crack
resistance with decreasing particle size due to the elevation in the volume specific debonding
energy. Leidner and Woodhams, (1974) observed that the tensile strength of polyester
composites increased with decreasing diameter of glass beads particulate reinforcements. On
the contrary, Lopez et al., (2003), found that decreasing size of alumina particles reduced the
flexural strength of the composite while its modulus was unaffected. Some researchers also
consider that bigger particles can debond from the matrix easily, leading to an early onset of
failure (Moczo and Pukanszky, 2008). Therefore, it is clear that most studies could not
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arrive at a common conclusion about the effect of particle size on the mechanical properties
of the composites, which warrants future investigation.

The effect of particle size distribution, on the other hand, has received a more coherent
consensus from the academic research compared to the effect of particle size. With
decreasing particle size, agglomeration tends to occur within the polymer matrix which
consequently reduces rigidity and homogeneity. Crack initiation occurs from the site of
agglomerated particles, thus, reducing the impact strength of the composite (Mareri et al.,
1998).

2.2.5.1.1.2 Surface area/free energy/shape of particulate reinforcements
The surface area of the particulate reinforcements depends on their respective size
distribution and also may be dependent on the inherent pores on their surface. The surface
area of the particle plays a major role in determining the final properties of the composites.
From Chapter 1, it is known that biochar particles made at high pyrolysis temperature are
endowed with pores on their surface. The addition of biochar particle to polymeric composite
could potentially allow the molten polymer to flow into the pores creating a mechanical
interlocking. It is postulated that the high surface area of biochar and nano-sized pores could
provide more contact sites with the polymer matrix, consequently enhancing the wettability
by the matrix. Recently, Ho et al., (2015) achieved enhanced dispersion owing to the high
surface area of bamboo biochar. Similarly, increased wetting was achieved by high surface
area plate-shaped (as opposed to porous honeycombed structured biochar) fillers by Gwon et
al., (2011). These plate-shaped particles (talc, mica, silicates, etc.) have a more pronounced
reinforcing effect than the spherically-shaped particles. Thus, it becomes apparent that the
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anisotropy of the particles becomes an important consideration when mechanical properties
of the composites are concerned.

The surface free energy of the particles governs the interaction between the reinforcements
and the polymeric matrix which, in turn, determines the mechanical properties of the
composite. On the other hand, the surface free energy is also responsible for the intra-particle
interaction which might be the controlling factor for particle agglomeration (Pukanszky et
al., 1989).

2.2.5.1.1.3 Miscellaneous properties of particulate reinforcements
The chemical composition of the particle is an important factor which might affect the
performance of the composites. Although impurities, like heavy metals, were found to be
detrimental to polymer stability, some impurities in the particle can be beneficial to the
composite. In particular, if the particulate contains Ca based minerals, it can be beneficial for
the composite’s properties given that CaCO3 was used as composite reinforcement in the past
(Davidovits, 1991). In addition, some particles having unique properties, e.g. fire retardancy
(e.g. magnesium hydroxide, ammonium polyphosphate/APP) can be added to the composite
to impart fire resistant behaviour (Kim et al., 2015).

2.2.5.1.2 Particulate structure
The phenomenon associated with the structure of the particulate reinforcements may play an
important role in determining the characteristics of the composites. The composition, size,
and manufacturing technique are responsible for influencing the structure of the particles in
the composite. Attrition, agglomeration, and orientation are some of the important
phenomena caused by the structure of the particulate reinforcements which have been briefly
discussed below.
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2.2.5.1.2.1 Attrition
The attrition phenomenon is dependent on the loading level of the particulate reinforcements
and becomes increasingly important with enlarging particle size. Processing methods can
alter the dimensions of the particulate reinforcement from its initial structure. This is mainly
observed in fibre based composites where the length and size distributions of the fibres are
changed as a result of attrition (Sallih et al., 2014). In particular, a twin-screw extruder
would be responsible for causing the aforementioned mechanical disruption of the fibres.
Particles having plate-shaped geometry are also vulnerable to attrition phenomenon. These
types of particles are easily cleaved and cause delamination, especially in injection moulding
process owing to high shear stress (Tausz and Chaffey, 1982). The decrease in the size of
the particles may further lead to agglomeration, which might be detrimental to composite
properties.

2.2.5.1.2.2 Agglomeration
Agglomeration of reinforcements is probable with smaller particle sizes. The counteractive
forces which try to separate the particles and which try to hold them together determine the
extent of agglomeration. According to Rothon, (2003), the forces that hold particles together
follow the order: mechanical interlocking > electrostatic force > Van der Waals force >
liquid bridges > solid bridges.

The formation of particle agglomeration has negative effect on the mechanical properties of
the composite. The presence of agglomeration causes a reduction in tensile/flexural strength
and impact strength. The agglomerates act as micro-crack initiators and the composite fails
under the applied load. Manufacturing methods should be carefully chosen so as to promote
particle dispersion which guarantees a better mechanical performance of the composite.

44

2.2.5.1.2.3 Orientation
The orientation of the particles and/or short fibres is a manufacturing method induced
phenomenon. Orientation has a profound effect on the composite mechanical performance.
Both particulate and short fibre composites are equally affected by this phenomenon.
However, the particulate composites are affected less by orientation dependent shrinkage
compared to short fibre counterparts. Shear forces and the pattern of flow in the composite
processing determine the orientation of the particles/short fibres. Extrusion, injection
moulding, calendaring, and even compression moulding imparts orientation in the
reinforcements. It is beneficial to have the reinforcements aligned in the direction of the
applied/external load. This alignment would improve the strength, stiffness, and impact
resistance.

2.2.5.1.2.4 Interphase
Interfacial interaction between the particle and the matrix is probably the most important
phenomenon which determines the mechanical performance of the composite and its
processability. The added particle/short fibre and the polymeric matrix differ in chemical and
physical properties and thus would generate numerous types of interactions between them.
Strong adhesion through ionic bonds may have a value between 600-1200 kJ/mol whereas
covalent bonds might produce strengths of 60-80 kJ/mol. On the other hand, interactions
promoted by Van der Waals forces tend to be of much lower strength (20-40 kJ/mol) (Allen,
1988). Other interactions considered by the scientific community include mechanical
interlocking, adsorption, electrostatic forces, etc.

It is critical to understand the mechanical properties and thickness of the developed
interphase which would, in turn, allow for effective manipulation to optimise the composite
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properties. Generally, the more the contact sites provided by the reinforcement, the more
extensive and thicker is the interphase. Thus, the surface area of the reinforcement plays an
important role in developing the interphase. The thickness of the interphase also depends on
the extent of interaction between the reinforcement and the matrix.

The interfacial region or interphase, which extends over only a few nanometers to micrometers, acts as the main area where the bulk properties of the polymer and the particles shift
between each other. Effective engineering could be conducted to improve the
strength/stiffness of the entire composite and to optimise the design conditions by
understanding the properties of the interphase (Lee et al., 2007). Macro-level analysis of
composites is conducted by various standardised macroscopic tests (e.g. tension, bending,
and dynamic tests). These tests provide the bulk material characteristics of the composites.
However, most particulate and short fibre composites have interphase whose area is small
and thus cannot be quantified by conventional methods. This warrants the use of a technique
which can determine the mechanical properties of miniscule regions. One such technique is
nanoindentation which is discussed in detail in the subsequent sections.

2.2.5.1.2.5 Particle size transition from micro- to nano-meter
The interfacial area is governed by the size of the particulate reinforcement and therefore, a
better comprehension of the particle size and shape becomes an important consideration in
designing and developing a composite. However, it is to be kept in mind that some particulate
reinforcements, such as biochar, owing to its brittleness could be subjected to attrition. As an
example, a particle size distribution curve of pine sawdust biochar before being applied to
manufacture a polypropylene-based composite is shown in Figure 2.8 (Ikram et al., 2016).
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Figure 2.8. Particle size distribution of pine wood biochar before application in composite
manufacturing

It is evident from the figure that there are two dominant particle sizes of biochar, one in the
range of 20 μm and other around 800 μm. During processing in a screw-fed extruder (twinscrew), the biochar particles, being brittle, undergo attrition, and as a result, particle size
reduction occurs. Therefore, even though the starting material could have micrometre-sized
particles, after manufacturing, the particles present in the polymeric composite could be in
the range of nanometers. The particle size of the biochar associated with the polymeric
composite can be determined by dissolving the polymer in xylene (or other organic solvents)
and analysing the biochar particles left behind. The nano-sized biochar particles in the
composite matrix would form an interfacial region which would also be in the range of
nanometers. This excludes techniques like Vickers, Brinell, and Rockwell hardness test
methods to analyse the mechanical properties of the interfacial region. As a result, it is
envisaged that the nano-sized interfacial regions would be best analysed by the technique of
nanoindentation since the tip of a nanoindenter is in nanometer scale. Furthermore, along
with hardness, the modulus of the nano-sized interfacial region can also be measured by
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nanoindentation, unlike other conventional hardness testing techniques. Moreover, the values
of hardness and modulus of the nano-sized interfacial region can be used to predict microand even macro-properties of the composites using theoretical models. Therefore, analysis of
nano-sized interphase of particulate reinforcements and polymer can be extrapolated to
presage the bulk properties of the composite which would enable effective engineering for
optimal design. This idea has been applied in Chapter 5.

2.2.5.2 Mechanics of particulate composites
The fundamental characteristics (e.g. hardness, stiffness, shape, etc.) of the particulates itself
govern the final performance properties of the composites containing them. Additionally, the
type of polymer matrix containing the particulates is also responsible for the final outcome of
mechanical properties. For instance, a strong and inflexible polymer will have a less
pronounced effect on particulate reinforcement whereas a pliable polymer will be more
affected if added with particulates. Therefore, to gain insights into the possible properties of
the final composite, it is desirable to determine the individual characteristics of the particulate
composites. Numerous techniques are available which can discern the properties of
particulates. Nanoindentation is a method by which the hardness and stiffness of very small
particulates can be measured. Electron microscopes enable comprehension of the particulate
shapes and manifestation in the matrix. Other techniques which can determine the thermal
properties of particulates are thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC), etc. The crystallinity of a particulate which maybe correlated to its
hardness can be observed through X-ray diffraction (XRD) (Chapter 6).

The fracture toughness in particulate based polymer composites is determined by several
factors such as the quality of interfacial adhesion, particulate loading amount, and the size of
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the particulate. In this chapter, PP is used as an example polymer because of its recyclability,
popularity, easy processing, and price/performance ratio. Shear yielding is one of the main
causes for deformation in neat PPs. The PP chains, which usually remain entangled, undergo
motion in the direction of the applied load consequently causing shift in the dimension
(Oswald and Menges, 2003). Since PP is a semi-crystalline polymer, the deformation due to
shear yielding occurs near the crystalline phases. The localised crystalline regions suffer
pronounced deformation which causes irreversible deformation in the PP molecular chains
and also disruption of the lamellar structure. Eventually both the crystalline and amorphous
regions are aligned to the direction of the load and are analogous to a fibrous structure. Figure
2.9 illustrates the deformation occurring in neat PP.

Figure 2.9. Deformation in PP

Crazing is another mode of deformation of polymers (commonly occurring in thermoplastics
e.g. PP). Crazing is a localised phenomenon which is microscopic in nature. The crazing in
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polymers takes place in three phases: craze nucleation and formation of interpenetrated
microvoids in a plane perpendicular to the applied tensile load. Microfibrils (~5-20 nm) of
the polymeric material are responsible for the stabilisation of the microvoids which support
the crack (through load transfer) and consequently delay or prevent the failure. However, the
final stage of the process is craze failure wherein the microfibrils get raptured causing
coalescence of the microvoids and ultimate brittle fracture (Arencón and Velasco, 2009).
Given that the formation of highly stretched microfibrils and plastic deformation involves
energy, the phenomenon of crazing can be utilised to impart fracture toughness in polymers.
This can be achieved by the application of rigid particulates into the polymer which would
eventually alter the nature of crack propagation and fracture. Zuiderduin et al., (2003)
employed calcium carbonate particulates to enhance the fracture toughness of PP. The
calcium carbonate particles initially acted as stress concentrators since their elastic properties
were different to that of the PP. The result of stress concentration (triaxial stress around the
particulates) was the debonding of the particulates from the polymer matrix. Owing to the
formation of voids around the calcium carbonate particulates, the stress state of the PP was
changed leading to deformation in shear conditions and an increase of craze density. The
authors also laid down the ideal properties of the particulates which are apt for inducing
toughness which are: a) small particulate sizes (< 5 µm); b) aspect ratio close to 1; c) good
dispersion, and d) debonding before the yield strain of the polymer.

2.2.5.2.1 Theories for predicting the elastic modulus of particulate composites
For polymer composite manufacturing process like compression moulding, injection
moulding, etc., there exist numerous theoretical models. These theoretical models have been
used in the past to predict the moduli of the particulate reinforced polymer composites.
However, to efficiently predict the properties of the particulate composites, the values of the
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parameters related to a model should be obtained carefully since the model output is
dependent on the input parameter values. Some parameters of importance include maximum
packing fraction (Φm), obtained theoretically and/or experimentally from the condition of the
particulate distribution; aspect ratio of particles (α) determined experimentally; and Einstein
coefficient (KE) calculated from Poisson’s ratio of the polymer matrix. Following are some of
the well-known semi-empirical equations used to predict the modulus of particulate
composites.

Einstein developed a model to predict Young’s modulus of particulate composites assuming
that the particulates are rigid in nature (Einstein, 1905).

𝐸𝑐
𝐸𝑚

= 1 + 2.5𝑉𝑝

Eq 2.1

where
Ec= Young’s modulus of the composite
Em= Young’s modulus of the polymer matrix
Vp= Volume fraction of the particulate

The aforementioned equation is based on the assumption that the particulates are uniformly
dispersed in the matrix and perfect adhesion is present between the particulates and the
matrix. This equation provides a linear relationship between the modulus and the particulate
volume fraction. Therefore, the effect of the size of the particulate is not considered.
Moreover, the equation is only valid for low loading amount of particulates.
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Another model by Guth included the interaction of particulate (the second power term) in the
Einstein equation which is as follows (Guth, 1945).

𝐸𝑐
𝐸𝑚

= 1 + 2.5𝑉𝑝 + 14.1𝑉𝑝 2

Eq 2.2

Halpin and Tsai provided one more model to predict the modulus of a particulate composite.
The model equation is as follows.
𝐸𝑐
𝐸𝑚

=

1+𝐴1 𝐵1 𝑉𝑝

Eq 2.3

1−𝐵1 𝑉𝑝

where
A1= A constant which is a function of the Poisson’s ratio of matrix and the shape of the
particulate.
B1= A constant related to the modulus of the matrix and the particulate.

Kerner, (1956) developed a model to predict the modulus of a composite containing
spherical particulate reinforcements. The model is based on the assumption that Ep (modulus
of the particulate) >> Em.

𝐸𝑐
𝐸𝑚

=1+

𝑉𝑝

15 (1− 𝑉𝑚 )

1− 𝑉𝑝 (8−10𝑉𝑚 )

where
Vm= Poisson’s ratio of the matrix
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Eq 2.4

Using Halpin-Tsai and Kerner equations (Eqs. 2.3 and 2.4), Nielsen, (1970) developed a
more generalised equation which is as follows:

𝐸𝑐
𝐸𝑚

=

1+𝐴1 𝐵1 𝑉𝑝

Eq 2.5

1−𝛹𝐵1 𝑉𝑝

and

𝐴1 = 𝐾𝐸 − 1

𝐵1 =

Eq 2.6

𝐸𝑝
−1
𝐸𝑚
𝐸𝑝
+𝐴
𝐸𝑚

𝛹 =1+(

Eq 2.7

1− 𝑉𝑝𝑚𝑎𝑥
𝑉 2 𝑝𝑚𝑎𝑥

) 𝑉𝑝

Eq 2.8

where
KE= Einstein’s coefficient
Vpmax= The maximum packing fraction

A lower and upper bound for composite’s modulus could be predicted using equations which
assume iso-stress/strain in a series and parallel oriented fibres in the matrix. These equations
are:
𝑢𝑝𝑝𝑒𝑟

𝐸𝑐

= 𝐸𝑝 𝑉𝑝 + 𝐸𝑚 (1 − 𝑉𝑝 )

𝐸𝑐𝑙𝑜𝑤𝑒𝑟 =

𝐸𝑝 𝐸𝑚
[𝐸𝑝 (1− 𝑉𝑝 )+ 𝐸𝑚 𝑉𝑝 ]

53

Eq 2.9

Eq 2.10

The aforementioned equations are referred to as Voigt’s model and can estimate the modulus
of particulate composites. However, this model overestimates the Ec while providing a linear
relationship between Ec and Vp. According to Fu et al., (1998), the modulus of a particulate
composite should lie somewhere between the upper and lower bounds of the equations.

Verbeek, (2003) developed a model to determine the modulus of particulate composite based
on the assumption that a perfect adhesion exists between the particulates and the polymer
matrix and stress transfer occurs through a shear nature.
2

𝛷=
𝜒=

𝛹 = 𝛼√

(1−𝑓𝑝 ) 𝛷𝑚
1−𝑓𝑝 𝛷𝑚
𝛷
𝑓𝑝 (1−𝛷)+𝛷

(1−𝜒)3 𝐺𝑝

𝑓

𝐸𝑚

1−𝑓

𝑀𝑅𝐹 = 1 −

tanh 𝛹
𝛹

𝐸𝑐 = 𝑓 ∗ 𝐸𝑚 ∗ 𝑀𝑅𝐹 + 𝑓𝑝 ∗ 𝐸𝑝
where
fp= Volume fraction of matrix
Φm= Maximum packing fraction
α= Particle aspect ratio
Gp= Shear modulus of matrix
f= Volume fraction of reinforcement
Em= Moduli of particles
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Eq 2.11

Eq 2.12

Eq 2.13

Eq 2.14

Eq 2.15

Ep= Modulus of matrix
Ec= Predicted modulus of the composite

2.2.5.3 Biochar as potential new bio-based particulate reinforcement
Biochar is the solid product of thermo-chemical conversion or pyrolysis of any
lignocellulosic materials/biomass. When lignocellulosic biomass (e.g. forestry, crop residue,
poultry waste, and dairy manure) is heated at high temperatures (~> 350-500 °C) with limited
or no oxygen, the cellulose and lignin of the biomass undergo polycondensation reactions to
form a carbon-based solid called biochar. The pyrolysis conditions and feedstock type both
govern the resulting physical and chemical properties of biochar (Downie et al., 2009)
though sometimes mutually exclusive of each other. Three of the defining characteristics of
biochar are the amount of elemental carbon, the extent of porous network, and presence of
surface functional groups. These aforementioned properties of biochar are determined by the
temperature of pyrolysis, retention time of the biomass under pyrolysis regime and the type
of biomass precursor. The formation of pores and surface functional groups are inter-related
as the evolution of volatiles (which are responsible for functional groups) creates voids on the
biochar surface at a higher pyrolysis temperature (~>500 °C). On the other hand, at lower
pyrolysis temperature, not all the volatiles can escape leading to clogged pores and
consequent presence of surface functional groups on biochar.

2.2.5.3.1 The understanding of the physical structure of biochar
Fundamentally most organic materials/biomasses (specifically plant based) are made up of
long cylindrical cells/fibres arranged in an axial direction (Manocha et al., 2002). The
organic polymers like cellulose, lignin, and hemicellulose are present within the cells. When
these materials are subjected to a high temperature without or with controlled oxygen, the
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biopolymers depolymerise and exit as tars and volatiles (Ganguly et al., 2012). The
evolution of volatiles creates pores, and their subsequent shrinkage might occur at higher
temperatures (~700 °C). The shrinkage (both in residual and newly generated pores) in the
pore radius is more prominent along the radial and tangential direction rather than
axial/longitudinal direction (Pulido-Novicio et al., 2001).

The creation of these pores is responsible for giving biochar its characteristic surface area and
pore volume. Some of these pores (residual macro-pores) are inherited from the original
structure of the biomass, and their number increases only up to a certain temperature
(450 °C). On the other hand, pores of nano-meter scale (pyrogenic nanopores) are produced
on the carbon at higher pyrolysis temperatures (Gray et al., 2014). Furthermore, less porous
and hence more compact feedstocks generate biochars with a higher surface area as the
pyrogenic nano-pores forms on the carbon being made from the solid part of the biomass
precursor. Biochars produced at lower temperatures have their pores clogged by the tars as
these volatiles only escape at higher temperatures. Due to the presence of tars, these biochars
exhibit the presence of functional groups on their surface which are volatilized at elevated
temperatures (Kinney et al., 2012). This clogging also makes the number of pores smaller
and surface area lower in biochars produced at lower temperatures.

In general, a material is hydrophilic when it is able to make hydrogen bonding with water
molecules and becomes increasingly hydrophobic with the introduction of aliphatic groups
(Van der Spoel, 2006). A biochar made at a higher temperature has sparse aliphatic
functional groups on its surface. Additionally, no additional/new chemical groups are formed
on the biochar surface that can create hydrogen bonding with water molecules. In fact, the
abundance of overall functional groups, along with the C=O groups that may be associated
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with hydrophilicity, diminishes at high production temperatures (Gray et al., 2014).
However, a high temperature biochar can still have high affinity towards water due to the
presence of ample nano-pores on the carbon surface facilitating a physical adsorption of
water (Pulido-Novicio et al., 2001).

Biochars made at lower pyrolysis temperatures have less affinity towards water due to low
surface area, fewer pores, and presence of aliphatic functional groups that promote
hydrophobicity. However, the hydrophobicity of a biochar made at low temperature can be
short-lived under water-rich conditions. To test the hypothesis, an experiment was conducted
in this research project with grapevine biochar made at a low pyrolysis temperature (350 °C).
Grapevine biochar was chosen for this small test due to the flat surface of the particles which
could hold water droplet without rolling over. Surface functionality and the hydrophobicity of
the grape vine biochar were measured before and after water flooding. Waterflooding was
simulated by subjecting a piece of the grapevine biochar to a stream of deionised water (D.I.)
under ambient pressure and temperature for 12 hours following which it was bone dried at
105 °C and eventually cooled to room temperature in a desiccator. Fourier transform infrared
spectroscopy (FT-IR) was done with Shimadzu IR Prestige 21 instrument with a Pike Miracle
ATR compression clamp. For the sample, 64 scans were obtained and averaged from 750 cm 1

to 4,000 cm-1 with a 4 cm-1 resolution. The raw spectra were corrected for zero baselines,

and dominant peak for the aliphatic stretch was identified. The hydrophobicity was measured
in a Goniometer (KSV instruments, Finland, Model: CAM101, software: Attension Theta)
through drop-shape analysis. Contact angles of D.I. water were measured (mean of right and
left contact angles) on a flat biochar surface at an interval of 60 seconds for a period of 20
minutes. All the tests were performed on the same piece and surface of the biochar.
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Figure 2.10 shows the surface functionality and hydrophobicity of the grapevine biochar
before and after water flooding. It can be observed that the band between 2850-3000 cm−1,
which is associated with strong aliphatic C–H stretch vibrations (Kloss et al., 2012), is much
more prominent in the biochar before water flooding. Due to the presence of these aliphatic
groups, the biochar before water flooding was found to be highly hydrophobic/non-wettable
which is evident from Figures 2.11 and 2.12 (Gray et al., 2014). The initial contact angle
was very high (~93o) and reduced only 17o over a period of 20 minutes. However, after water
flooding, the initial contact angle (33o) was much lower compared to the biochar before water
flooding. Furthermore, after only about 10 minutes, complete seepage occurred proving that
the biochar is highly susceptible to water absorption. The curve of the water droplet (seen
through goniometer telescope) was almost invisible after about 10 minutes of exposure
(Figure 2.12). FT-IR examination of the water flooded biochar showed a less prominent
aliphatic stretching (depicting reduced hydrophobicity) and an increased –OH signal at 30003500 cm−1 (depicting hydration) (Figure 2.10). This lent further support to the hypothesis that
the exposure to water for longer period causes a disappearance of the aliphatic groups on
biochar’s surface which makes the entire biochar much less hydrophobic.
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Figure 2.10. Surface functionality of grapevine biochar before and after water flooding
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Figure 2.11. Hydrophobicity of biochar before and after water flooding
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Figure 2.12. Water drops on biochar before and after water flooding

2.2.5.3.2 Biochar as a particulate reinforcement
The above mentioned discussions point out that biochar is a carbonaceous solid having a
porous honeycomb structure. Many uses of biochar were thought and are now being
implemented by the local governments and regional councils in several nations (Srinivasan
et al., 2015). Biochar has been designed to behave as an effective sorbent to remediate
environmental contaminants like sulfamethoxazole (Srinivasan and Sarmah, 2015).
Specifically designed biochar made from various organic wastes is being applied to
agricultural soils to enhance cation exchange, nutrient uptake, and carbon sequestration
(Kookana et al., 2011; Sohi et al., 2010). Despite these, the fabrication potential of waste
based biochar has been, so far, overlooked. To impart resiliency in a biochar based system, its
uses should be made versatile (Fiksel, 2003) and hence, multiple biochar application routes
should be explored. In most business environments, it is imperative to divert economics to
secure a long-term supply of waste biomass at a lower cost. Therefore, new technologies
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which could accommodate lower grade feedstocks to produce novel products in usable forms
to complement biochar production become necessary.

2.2.5.3.2.1 Polymer-biochar composites
Recently, Zaverl et al., (2014) conducted a small study where agricultural waste (wheat
straw) derived biochar was applied to manufacture biocomposite. The authors postulated that
adding biochar would expand the use of polymers whose thermal degradation temperature
is > 200 °C. This is because biochar is much more thermally stable than wood. In their study
Zaverl et al., (2014) co-injected a core of Poly Trimethylene Terephthalate (PTT) and Poly
Butylene Terephthalate (PBT) with biochar and a skin of Poly Butylene Succinate (PBS) and
Poly (butylene adipate terephthalate) (PBAT). The composition of the core was: 30% PBT +
70% PTT + 10% biochar whereas the composition of the skin was: 60% PBS + 40% PBAT.
These were then subjected to a co-injection moulding. The mould cavity was first injected
into the skin, followed by the second material. The second material pushed the initial material
in a fountain flow pattern along the mould. The skin froze owing to the cold surface of the
mould. After the complete injection of the secondary material, a shot of the skin was injected
to close off the entire sample. The injection time, screw RPM, and the back pressure was
maintained at a constant value for the entirety of the experiments. The results of Zaverl et
al., (2014) showed a slight increase in tensile and flexural modulus of the composite where
biochar was added. The authors also suggested that a smaller core would make the resulting
composite poor in tensile and flexural properties and a dense skin would allow the
biocomposite to have higher impact strengths. Though the above study is one of the
pioneering works involving biochar in biocomposites, the results reported were not
conclusive. The researchers suggested the rise in modulus of the biochar added composite
was due to the brittle nature of the biochar. This brittleness of a biochar can also be due to the
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inherent ash content which was not reported in their study. Also, it is critical to characterise
the biomass and the biochar for its chemical and physical properties before application in a
biocomposite. These chemical and physical properties could be responsible for the finished
quality of a composite. The researchers failed to provide data on characterisation, and hence
there is room for improvement of this current study.

Ahmetli et al., (2013) investigated the potential of three different types of biochars namely:
plastic waste biochar (PWC); wood shavings biochar (WSC) and, pine cone biochar (PCC) in
the manufacturing of epoxy composites. The biochars were produced through pyrolysis at
450 °C and had a particle size of <250 mesh. The authors used loading amounts of 5-30 wt%
which was gradually increased through arithmetical progression, however, no rationale was
provided for their choice of loading amounts. The biochars and the epoxy resins were
blended and subsequently moulded to produce the composites. Following this, the resulting
composites were analysed by scanning electron microscopy (SEM), X-ray Diffraction (XRD)
and were tested for their mechanical, thermal, electrical, and water absorption properties. In
their study, Ahmetli et al., (2013) observed the SEM images of the fractured surface of the
biochar composites had a uniform distribution of biochar. This led them to speculate the
resulting cause of higher percentage of elongation in the composite. However, their data
showed that with increasing loading amount of biochar, the percentage of elongation
decreased. They also reported an increment of surface coarseness with the increase in biochar
amount. Biochar is inherently a brittle material (Sohi et al., 2010) and hence, it is expected
that biochar addition in a composite would reduce its percentage of elongation. The value of
biochar loading amount, at which best mechanical properties were obtained, is not consistent
across the range of the three biochars used. For the PWC-epoxy composites, the tensile
strength (0.59 MPa) was the highest at 15 wt% filler concentration, whereas for WSC-epoxy
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and PCC-epoxy composites the highest tensile strengths (0.51 and 0.64 MPa respectively)
were both achieved at 25 wt% filler concentration. One would expect that the modulus values
of the composites made from all three types of biochar would generally follow an inverse
trend to that of the corresponding values of percentage of elongation, but this was not the
case in Ahmetli et al.,’s (2013) study. Furthermore, the modulus values did not follow any
pattern among filler percentages in a particular type of biochar-epoxy composites. However,
it is interesting to note that at the filler concentration which resulted in the highest value of
tensile strength, the value of modulus was also the highest among a particular biochar
composite. The researchers attributed a ‘critical biochar level’ at which the highest tensile
strength and modulus were obtained, although, an explanation for this behaviour was missing
in their study. The researchers did a thermogravimetric analysis (TGA) to investigate the
thermal stability of the biochar-epoxy composites. However, the WSC-epoxy composite was
not subjected to TGA analysis in their study. It was found that, in general, the addition of
biochar in the composites improved their thermal stability. The thermal stability was more
pronounced at higher filler concentration (20 and 30 wt %). At the filler concentration of 20
and 30 wt % for PWC-epoxy composites and 30 wt% for PCC-epoxy composite, the thermal
degradation of the entire composites was delayed. This result is of interest as biochar is itself
thermally stable (Maia et al., 2014) and hence when incorporated into a composite, is
expected to have a shielding effect on the neat epoxy from heat.

2.2.5.3.2.2 Rubber-biochar composites
The rubber industry uses carbon black as filler in composites due to its low cost. However,
carbon black is a fossil fuel derived product, and due to the recent awareness to promote
sustainability, curb pollution, and impart biodegradability, a study was performed to
understand the effect of pyrolysis biochar as filler in rubber composite (Peterson, 2012). The
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author used biochar, in conjunction with corn starch and corn stover. Starch has been popular
filler in rubber composites for many years now due to its low cost and excellent reinforcing
properties. The researcher suggests that the amylose and pectin chains in starch create an
extensive three-dimensional network which aids in better reinforcement of the composites.
However, the trade-off of using starch is that, even though it provides strength to a
composite, they are not flexible. So, the study attempted to use biochar to alleviate the
brittleness of the starch-based composites. Moreover, biochar has an advantage over starch
that it is a non-edible source of filler. Furthermore, biochar can replace carbon black, as it
could contain high percentages of elemental carbon. However, the researcher speculated that
biochar would have impurities in the form of ash which would reduce its quality.

The authors measured the modulus and tensile strength of composites made with carbon
black; corn starch, corn flour, biochar and the blends of corn starch and biochar and corn
flour and biochar. Apart from the controls, the ratio used for the blends of corn starch and
corn flour biochar were: (1:3 Corn Starch: Biochar); (1:1 Corn Starch: Biochar); (3:1 Corn
Starch: Biochar); (1:3 Corn Flour: Biochar); (1:1 Corn Flour: Biochar); and (3:1 Corn Flour:
Biochar). The researcher concluded that starch-based fillers gave the best reinforcement;
however, these starch-based fillers were brittle. Though the biochar based fillers had inferior
reinforcement, the composites made with biochar blends were much more flexible than starch
and flour based fillers. This lack of reinforcement by biochar was attributed to the lack of
three-dimensional structures in its matrix. Additionally, a trend was observed where the
composites with a higher percentage of biochars lacked the toughness. Biochar composites
managed to have higher toughness than corn starch and corn flour composites, however; their
value was lower than what was achieved with just carbon black. An interesting observation
was made with 10 wt% filler concentration, the composite made of starch: biochar: 3:1. It
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was found that this particular sample had better tensile and reinforcement properties than
carbon black counterparts. Also, the composite was more flexible. The researcher expected
this ratio and filler composition could have commercial value. Peterson’s, (2012) findings
related to flexible biochar-rubber composite is contradictory to other studies done on biochar
added composites as biochar usually increases their modulus (Ahmetli et al., 2013; Zaverl et
al., 2014). It is possible that corn starch and flour makes a rubber composite much more rigid
than biochar and replacing them with biochar reduced the overall stiffness.

In a subsequent study by the same researcher (Peterson, 2013), two of the facets of the
previous experiment were changed. In the latter study, the author used a biochar having an
ash content 2.7 wt% compared to over 40 wt% in previous experiments. Moreover, the
particle size of the biochar used was reduced. The researcher observed that the biochar added
composites had better elongation and hence were more flexible than the carbon black filled
composites. However, the carbon black, similar to his previous study, provided better
reinforcement than biochar. Similarly to the previous study, the author found a decrease in
the tensile properties with increasing biochar content in the composites. An interesting result
was obtained from 10 wt% filler concentration of 25-50 wt% biochar. The author found that
this particular blend of composite had higher tensile, elongation, and toughness properties
than 100 wt% carbon black composites. This conclusion has led to the application of
renewable biochar in rubber composites where flexibility and strength are necessary
attributes.

Table 2.3 summarises the past studies incorporating pyrolysis biochar in different types of
composites. It can be observed that feedstock, particle size, pyrolysis temperature are some of
the important factors governing the final properties of biochar added composites. Hence, it is
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imperative to undertake further investigations to identify the controlling factors that would
render a biochar added composite to have optimal performance properties.

Table 2.3. Summary of biochar-composite researches

Biochar type

Pyrolysis
temp.

Biochar
particle
size

Suitable
filler
amount
(wt%)

Tensile
strength
(MPa)

Tensile
modulus
(GPa)

References

Wheat straw

N.A.

N.A.

10

N.A.

2.5

Zaverl et
al., 2014

Plastic waste;
Wood shavings;
Pine cone

450 oC

<250
mesh

25

0.64

109.5

Ahmetli et
al., 2013

Corn stover

N.A.

0.89 mm

10

1.74

N.A.

Wood waste

N.A.

0.022000µm

10

8.5

N.A.

Peterson.,
2012
Peterson.,
2013

2.2.6 Nanoindentation technique to determine interphase and composite properties
2.2.6.1 The technique and theory of nanoindentation
One of the most common methods to determine the mechanical properties of various
materials is indentation. Ball bearings which were smooth and spherical in shape were
initially used by Brinell to measure the plastic properties of materials during the early 1900s
(Tabor, 1951). Following this, the Brinell test method was adopted as the industrial practice
to measure mechanical properties of materials which, in turn, facilitated further development
of other macro- and micro-indentation methods. In the past 20 years, the indentation
measurement has been attempted in smaller regions of materials which extended to even
nanometre levels. The necessity for comprehension of mechanical properties of extremely
small regions prompted the inventions of instruments which could accurately measure the
load and the corresponding displacement for the entire indentation cycle. This consequently
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allowed measurement of loads in nano-newton and displacements in nanometres (Pethica et
al., 1983). Moreover, it was soon realised that the elastic modulus of material could be
determined from the load-displacement curve. Hence, the method of indentation became
more and more instrumented, sophisticated, and sensitive. On the other hand, the trend of
materials becoming minuscule (for engineering and industrial applications) gave rise to the
era of materials that are nano sized (such as nano-composites). The parallel development of
nano-materials and methods to determine their mechanical properties has proved to be
beneficial for the development of nanoindentation technique as well as nanofabrication (thin
films, nanowires, hierarchical biological structures, etc.).

The technique of nanoindentation has been in practice since 1970, but more recently,
refinements have been made on the test method, data analysis and the instrument as a whole
(Oliver and Pharr, 2004). Thus, nanoindenter has matured as a potential tool to measure
mechanical properties of materials in extremely small locations. From the load-displacement
curve, many material properties can be evaluated such as hardness, elastic modulus, fracture
toughness, etc. without even imaging the indentation area under a microscope. Furthermore,
nanoindentation can identify the mechanism of incipient fracture and deformation of
materials. Nanoindentation also provides a direct correlation of the structural feature with the
mechanical response. The technique can measure the mechanical properties of materials
where the size and precise locations are a limiting factor. Nanoindentation technique can be
made site specific, while the depth and position of the indentation can be effectively
controlled. Following are some advantages of the nanoindentation technique:

•

It is a non-destructive technique which allows further analysis with other methods.

•

Except polishing the sample surface, minimal sample preparation is required.
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•

Hierarchical structure of biomaterials can be locally tested by nanoindentation.

Figure 2.13 illustrates the size range where nanoindentation operates compared to other
indentation tests. It is envisaged that the technique of nanoindentation would grow in its
employment given the expeditious development of modern materials which are of micro and
nano size.

Figure 2.13. Size ranges where nanoindentation operates

2.2.6.2 Different types of indenter tips
The hardest organic material known to man is diamond and hence due to its superior
mechanical properties (hardness and modulus) it is most commonly used as indenter tip. The
hardness of diamond also minimises the displacement contributed by the indenter itself. The
tip measures the resistance to penetration of the tested material. The tip is inserted into the
material being tested with a known load. The load is removed after sometime, the residual
indentation area is measured, and the hardness is calculated using the following formula:
Hardness= load/area.

The various types of indenter tips used commonly are presented in Figure 2.14 whereas their
geometries are summarised in Table 2.4.
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Figure 2.14. Various types of indenter tips (top images show front view and bottom images
show plan view)

Table 2.4. Tip geometries

Sphere

Projected area
(hp=depth of the
circle of contact)
A  π2Rhp

Semiangle
(q)
N/A

Effective
cone
angle (a)
N/A

Berkovich

A = 3hp2tan2θ

65.3 

70.30 

0.75

1.034

Vickers

A = 4hp2tan2θ

68 

70.32 

0.75

1.012

Knoop

A = 2hp2tanθ
1tanθ 2

θ1=86.25 
θ2=65 

77.64 

0.75

1.012

Cube
Corner

A = 3hp2tan2θ

35.26 

42.28 

0.75

1.034

Cone

A = πhp2tan2α

α

α

0.72

1

Indenter
type

Geometry
Intercept
correction
factor
factor (b)
0.75
1

The pyramid-shaped Berkovich tip (Figure 2.15a) is more advantageous than Vickers and
Knoop indenters as it can be easily ground into a sharp point. Furthermore, the stress applied
by the Berkovich tip mimics Vickers indenter which enables a comparison between nanoand micro-indentation. Cube corner indenter (Figure 2.15b) is another pyramid-shaped
indenter which can effectively determine the fracture toughness of materials at a nano scale.
Cube corner indenter displaces more volume at a given load compared to Berkovich indenter,
which consequently produces more stress and strain while minimising the cracking threshold.
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Spherical tip (Figure 2.15c) is mostly used to determine properties of soft samples such as
polymers and biological samples. The round end of the spherical tip ensures that the tested
sample is not damaged. It is also used for scratch testing, as the scratch made is uniform
regardless of the direction. However, it is very difficult to machine a sphere using diamond,
and hence its use in nanoindentation is limited (Li and Bhushan, 2002). The intercept factor
represents the different amounts of recovery resulting from the distribution of pressure under
the indenter tip during cycles of unloading and reloading. The determination of intercept
values is dependent on the shape of the indenter and the constant which represents the
unloading nature of the indented material. However, studies based on finite element
modelling provide the values of the intercept factor to be in the range of 0.74-0.79 (for most
materials).

Figure 2.15. Indenter tips (a= Berkovich, b= cube corner and c= spherical)

2.2.6.3 Nanoindentation theory
During nanoindentation measurement, the displacement of the indenter tip is monitored as a
function of the applied load. A set maximum load and/or displacement are applied to the
indenter tip after which the load value is reduced to zero. As discussed in the previous
section, the Berkovich tip is the most widely used tip in nanoindentation while the Oliver and
Pharr method (Oliver and Pharr, 1992) is the most accepted method for calculation of
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mechanical properties of the tested materials. The hardness, H, of the material is calculated as
the ratio of the maximum load divided by the projected contact area:

𝐻=

𝑃𝑚𝑎𝑥

Eq 2.16

𝐴

where
Pmax= Load at the maximum penetration depth in an indentation cycle;
A= Contact area (25.5 hc2);
hc = Contact depth.
The reduced modulus (Er) can be determined from contact stiffness (S) (initial slope of the
unloading curve), and they are related in the following way:
𝐴

𝑆 = 2𝛽√ 𝐸𝑟

Eq 2.17

𝜋

where
β= 1.034 for Berkovich tip.
However, the reduced modulus (Er) does not consider the strain in the indenter tip, and hence,
the elastic modulus (Es) of all the samples can be calculated using the equation:
1
𝐸𝑟

=

1−𝑣 2
𝐸𝑠

+

1−𝑣𝑖 2
𝐸𝑖

Eq 2.18

where
v= Poisson’s ratio of the material;
vi= Poisson’s ratio of the indenter tip;
Ei= Modulus of the tip.
A typical loading-unloading curve for nanoindentation is illustrated in Figure 2.16 (Gibson,
2014). In the figure, Pmax denotes the maximum indentation load and hmax shows the
displacement at that load. The final indenter displacements after unloading and initial
unloading stiffness are represented by hf and S, respectively. Figure 2.17 illustrates the
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indenter-sample contact deformation. In figure 2.17, P is applied load and h is indenter
displacement. Plastic deformation after load removal is denoted by hr whereas surface
displacement at the contact perimeter is represented by he. As the load is increased, the
indenter sinks into the sample due to both elastic and plastic deformations. If the load is kept
constant, the indenter still continues to sink into the material owing to time-dependent
deformation called creep. When the indenter is unloaded, the material recovers by a process
that is primarily elastic. Methods have been developed to analyse all three aspects (load, hold,
and unload) of the indentation load-displacement curve.

Figure 2.16. A typical loading-unloading curve for nanoindentation (From Gibson, 2014)

Figure 2.17. Indenter-sample contact deformations
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2.2.6.4 Nanoindentation on polymeric composites and their interphase
Nanoindentation is becoming a popular technique to determine the hardness and modulus of
composite materials and their individual components. In most composite materials, the two
major components are the polymeric matrix and nano/micro level reinforcement in the form
of particles or fibres. The transition region between the matrix and the reinforcement is often
called the interphase. This region is developed as a consequence of the chemical reaction
between the matrix and the reinforcement (maybe facilitated by coupling agents) or
immobilisation of the polymeric matrix as a result of mechanical interlocking with the
reinforcement. The properties of this interphase are different from that of the matrix and the
reinforcement. A gradation of properties occurs (as opposed to abrupt change) in the
interfacial region. According to Drzal et al., (1983), interfacial region is defined as an area
starting at a point in the reinforcing particle or fibre where the properties are different from
the bulk reinforcement and ends at a point in the matrix where the properties are the same as
the bulk matrix. The properties that change in this region are: the chemistry, polymer chain
mobility, degree of cure, crystallinity, etc. In polymer based composites, the interfacial region
is formed from the long chains of the polymer which are in direct interaction with the
reinforcement. These interactions may occur at the very ends of the polymer chain or at
functional groups along the chain (Jesson and Watts, 2012). Figure 2.18 illustrates a
schematic representation of an interfacial region with a polymer matrix and a reinforcement
particle. The interphase determines the efficacy of stress transfer between the matrix and the
reinforcement and hence the overall performance of the composite. An interfacial region
which is softer than the polymeric matrix would exhibit lower stiffness but would possess
greater fracture resistance. On the other hand, an interfacial region which is stiffer than the
matrix would provide strength to the composite but would compromise its fracture toughness.
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Thus, it is critical to comprehend the mechanical properties of the interfacial region to aid the
optimisation and engineering towards superior composite properties.

Figure 2.18. Schematic representation of interfacial regions with a polymer matrix and
reinforcement particles

Lee et al., (2007) performed nanoindentation on cellulose fibre reinforced PP composites to
determine the hardness and elastic modulus near the interfacial region. From the
aforementioned discussion, it can be inferred that the interfacial region is heterogeneous in
nature whose mechanics, chemistry, and morphology differs from both the matrix and the
reinforcement. Evaluation of interfacial properties by Lee et al., (2007) was prompted by the
necessity to understand the interfacial mechanical properties which would allow a better
design for composites. Furthermore, due to the thickness of the interfacial region being
extremely small, proper evaluation of its properties was lacking. The authors used the
continuous stiffness technique on the composites which had two different kinds of coupling
agents: maleic anhydride grafted PP (MAPP) and γ-aminopropyltrimethoxysilane. The
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authors speculated that if the indentations were made near or touch the reinforcements, the
indentation resistance would increase. Thus, they attempted to conduct the indentation in a
region as small as possible, which led to the conclusion that the width of the interfacial region
was less than 1 μm i.e. in the range of nano-meters. As expected, the authors also observed a
gradient in hardness and modulus across the interfacial region. However, it was concluded
that using nanoindentation to determine the properties of the interfacial region was
challenging due to the constraining effect of the surrounding reinforcements. Furthermore,
although the authors recommended the use of very shallow indentations, their actual
execution becomes problematic due to factors such as surface roughness and tip blunting.

The changes in the in-situ matrix properties in carbon fibre composites were studied by
Hardiman et al., (2015). They compared the in-situ matrix properties found through
nanoindentation with the bulk matrix. The indentations were conducted on matrix areas found
within the carbon fibre reinforced composite. The authors found that the stiffness of the
matrix in-situ increases as the size of the matrix pockets decreases. They also reported a 19%
increase in the modulus of the matrix in-situ compared to its bulk form. It was interesting to
note that the variation in the matrix property occurred outside the so-called interfacial region.
The authors concluded that the change in matrix property could have been brought about by
the interaction with the fibre surface treatments which is independent of the interfacial region.
Furthermore, they speculated that the confinement of the matrix between the fibres might
have contributed towards the change in property from the bulk matrix material.

Nair et al., (2010) determined the properties of the interphase of natural fibre reinforced
composites using contact resonance force microscopy (CRFM). The authors reported that the
width (~49 nm) of the interfacial region without MAPP was smaller than the width (~140
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nm) where MAPP (10 mass %) was used as a coupling agent. Therefore, it was evident that
the application of MAPP aided the bonding of the polar fibre with the non-polar polymer and
consequently increased the width of interphase. The study by Nair et al., (2010) also
observed a decreasing stiffness from the fibre to the matrix. This decrease was more
pronounced in the composite without MAPP, and gradual in the case of the MAPP treated
counterpart. Figure 2.19 represents the finding of Nair et al., (2010) schematically:

Figure 2.19. Schematic representation of the finding of Nair et al., (2010) (In the composite
without MAPP, the modulus value of the fibre, X, was considerably higher than that of the
modulus value of the matrix, Y. However, upon application of MAPP, the difference between
the values of modulus of the fibre and the matrix was significantly reduced.).

Dhakal et al., (2014) applied the technique of nanoindentation to study the effect of water
absorption on the interphase of flax and jute reinforced epoxy biocomposites.
Nanoindentation was employed on the interphase of the reinforcements and the polymer
before and after immersion in D.I. water. The authors determined the nano-hardness and
reduced modulus of both biocomposites. They reported that the nano-hardness of the flax
reinforced biocomposite reduced by 35 % post immersion in water. Similarly, the reduced
modulus also decreased by 11.6 % due to the uptake of moisture by the flax fibre. The
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authors postulated that the hydrophilic nature of flax allowed uptake of moisture which
eventually disrupted the interphase with the polymer. As a consequence, the deformation
depth of the nanoindenter tip increased compared to the dry samples. Interestingly, this study
reported that the nano-hardness of jute reinforced biocomposites increased after immersion in
water (5 % increment). However, the authors do not provide a conclusive explanation for this
behaviour since jute, like flax, is also hydrophilic in nature. On the other hand, the modulus
of the wet jute reinforced sample reduced similarly to flax reinforced composite.

Guessasma et al., (2008) attempted to predict the viscoelastic properties of starch-zein
biocomposite using the technique of nanoindentation coupled with finite element modelling.
The resulting load vs. displacement curves obtained from nanoindentation experiments on the
interphase of the composite were compared with finite element modelling results. A
reasonably well correlation between the experimental and predicted load vs. displacement
curves was reported by the authors. However, it was observed that the prediction of the curve
of the interphase deviated from the experimental results. This might have resulted due to the
constraining effect of the reinforcements which was also reported by Lee et al., (2007).

From the above discussion, it is clear that the application of nanoindentation is achieving
wide recognition in the field of composites science and technology. Many investigations have
been conducted to determine how the in-situ elastic properties vary from their corresponding
bulk properties. The determination of the width of the interfacial region has also been an area
of interest for the academic community. However, there remain some challenges which need
to be overcome to accurately determine the properties of the interphase. The fact that
interfacial region is highly influenced by the neighbouring reinforcements and unavailability
of matrix-rich areas at high loading levels, hinders proper characterisation of the interphase.
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Furthermore, conducting shallow indentation to avoid constraining effect of the particles also
brings forth additional issues of result sensitivity due to tip blunting and surface roughness.
This necessitates further investigation into the method and instrument of nanoindentation
wherein the mechanical (elastic, viscoelastic) properties of the interfacial region can be
accurately measured and interpreted in order to facilitate a better engineering design of
composites.

2.2.7 Flammability properties of biocomposites
One of the critical shortcomings of biocomposites is their low resistance to burning. Both the
natural reinforcement and the polymer matrix are extremely susceptible to fire and
combustion. The biopolymers (hemicellulose, cellulose and lignin) start undergoing thermal
decomposition at ~200 °C whereas the aliphatic backbone of polymers (e.g. PP) burns rapidly
without leaving many residues. The thermal decomposition of natural materials progress
mainly through the process of pyrolysis/thermo-chemical conversion: initially evolution of
bound moisture occurs followed by formation of dehydrocellulose through cross-linking of
cellulose chains. Then, dehydrocellulose decomposes to yield char and other volatiles. This
leads to the formation of levoglucosan which eventually decomposes to form flammable tars
and gases. A biomass with higher cellulose portion produces more flammable products
whereas a biomass with more lignin enables a higher probability of char formation and
decreased flammability as the aromatic bonds of lignin requires higher temperature for their
cleavage.

Polypropylene (PP), one the most widely used polymer, undergoes random chain scission
during combustion generally at the carbon-carbon bonds next to the labile tertiary hydrogen
atom. Further decomposition of PP at the temperature range of 320-400 °C yields
78

combustible hydrocarbon fuels. Volatile products comprising of dienes, alkanes, and alkenes
are produced above 400 °C and ignition occurs at about 600 °C (Price and Horrocks, 2009).
Other factors affecting flammability of biocomposites are the thickness of the composite and
the quality of interfacial bonding between the reinforcement and the polymer matrix
(Schartel and Hull, 2007). The time to ignition, peak heat release rate, and time for
combustion can all be governed by the thickness of the composites as a thick material hinder
propagation of heat thereby lowering the flammability compared to a thin composite material
(Kandola, 2012). On the matter of quality of interfacial bonding, researchers hypothesise that
more heat is required (under combustion regime) to break apart a strong bond between the
reinforcement and the polymer matrix. For e.g. treatment of sisal though acetylation by
Albano et al., (1999) led to higher thermal decomposition temperature than that of untreated
sisal owing to the betterment of interfacial bonding. Figure 2.20 illustrates a general pathway
for the combustion of polymers.

Figure 2.20. General pathways for polymer combustion
79

Application of biocomposites has to pass stringent regulations of safety for their use in
construction, automotive, and aviation industries. Therefore, employment of flame retardant
treatment on biocomposites becomes a necessary step in their manufacturing and
development. Flame retardant treatments would ensure the non-hazardous end of life disposal
of biocomposites along with establishing a protocol for enhanced public safety.

2.2.7.1 Types of flame retardants
Incorporation of natural materials somewhat reduces the flammability of biocomposites as
the synthetic and more flammable (than natural materials) polymer content is lowered.
However, this is not satisfactory enough to meet the rigid regulations imposed by regional
councils. Hence, application of additional flame retardants in composites is imperative. Flame
retardants (FRs) are materials which cause deceleration of combustion in composites. There
are many ways by which FRs achieve reduced flammability in composites: reduction of the
produced heat to a level lower than what is required to sustain burning; manipulation of the
pyrolysis process to restrict the evolution of flammable volatiles; introduction of materials in
polymer which would cause release of bromine and chlorine atoms; formation of barrier
between ambient O2 and flammable polymer fuels (Dasari et al., 2013). The final aim of the
FRs is to disrupt one or more of the three essential elements required to sustain burning: heat,
oxygen, and fuel. In particular, FRs increase the resistance of polymer’s ignition, decelerates
flame spread, decrease heat release rates and smoke production.

In general, there are two types of flame retardants: additive, which can be incorporated into
the composite manufacturing system and reactive, which is used to modify the structure of
polymer chemically. Additive FRs can be utilised for both thermoplastic and thermosetting
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polymers whereas reactive FRs can only be used for thermosetting polymers. In this research,
only additive type of FR is introduced and discussed.

Halogenated FRs are additives which release thermally stable atoms of chlorine and bromine
in the gas and condensed phase of composite combustion which consequently reduces the
flammability. In particular, during burning, the halogenated FRs react with the polymer
which consequently hinder the production of free radicals in specific and the overall
combustion in general. Halogenated FRs are quite effective in reducing the flammability of
composites, however; some of their innate disadvantages deter their wide application.
Halogenated FRs are ‘persistent’ in the environment which resist degradation and as a result
accumulate in the metabolic systems of plants, animals, and humans (Alaee and Wenning,
2002). In addition, halogenated flame retardants release toxic compounds (e.g. HCl) upon
combustion which can be more hazardous than CO. This prompted the research and
development of FRs which are simultaneously innocuous to the environment and human
health.

In order to avoid the adverse effects of halogenated FRs, mineral based FRs are being
employed to impart flame resistance in composites. Mg(OH)2 and Al(OH)3 are some
common mineral based FRs which work on the ‘quench and cool’ mechanism. These FR
systems employ an endothermic reaction to deploy water molecules which dilute the flame
spread thereby reducing flammability. Moreover, oxidation (MgO and Al2O3) as a result of
endothermic decomposition forms a protective layer by absorbing the heat (El-Sabbagh et
al., 2013). However, the addition of mineral based FRs could compromise some mechanical
properties of the composite which is discussed subsequently.
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Several phosphorous based systems are also been employed as halogen-free fire retardants in
recent times. These systems contain organophosphorus compounds such as phosphates,
phosphinates, phosphonates, etc. which decompose thermally to produce phosphoric acid in
gas and/or condensed phase which could act as a thermal insulation barrier for the degrading
polymer by catalysing char formation (Kim et al., 2015). In composites containing bio-based
materials, the phosphoric acid causes phosphorylation of hydroxyl group of the cellulose to
form phosphate esters. The esters, in turn, catalyses beneficial char formation (through
dehydration of cellulose). The char layer impedes heat propagation and O2 entry at the area of
combustion thereby cutting off the supply of fuel to the ignition source. Simultaneously, on
the other hand, the phosphorous decomposition species of HPO2, PO2, PO, P2 undergo a
third-body mechanism whereby they catalyse the hydrogen atom recombination to cause
flame quenching (Granzow, 1978). However, the condensed phase reaction of phosphorous
based FRs can further be made more efficient by using it in conjunction with a nitrogen based
compounds (e.g. urea, guanidine, and melamine) to form an intumescent system of fire
retardants.

Intumescent FR systems contain a blowing agent (generally N2 compounds such as urea,
guanidine, melamine), a source of acid (phosphorous containing FRs which can yield
phosphoric acid upon thermal decomposition), and a carbonising agent (usually polyhydroxyl
compounds). The intumescent effect is brought about the synergistic mechanism of charring
where the phosphorous FRs react with the polyhydroxyl compounds. Consequently,
foaming/expansion occurs which is due to the evolution of ammonia like gases from the N2
source. Under combustion regime, the gases formed due to the thermal decomposition of N2
containing compounds are entrapped in the concurrently forming char layer. This results in an
expanding and swelling of multicellular ‘charry’ layer on the polymer material. The char
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layer obstructs the self-sustained combustion of the underlying polymer by hindering the
contact between diffusing volatiles and heat from the flame (Gaan et al., 2008). Ammonium
polyphosphate (APP) is an example of intumescent FR system which acts on the
phosphorous-nitrogen synergism. The phosphoric acids cause esterification of hydroxyl
groups of natural materials (mostly cellulose) to catalyse the formation of the beneficial char
layer (Kim et al., 2015).

2.2.7.2 Research on the flammability of biocomposites
One of the leading cause of property damage and loss of life is fire. In the United States
alone, more than 3000 deaths and about 20,000 injuries are caused by fire per year. In
addition, fire accounts over USD 11 billion in property damages (Birnbaum and Staskal,
2004). Therefore, composite products used in construction, aviation, automotive, furniture,
etc. have to undergo fire safety regulations to minimise these aforementioned losses. To
satisfy the strict fire safety standards, composite products are treated with fire retardant
materials to prohibit ignition and flame spread. Several studies have been undertaken to
impart composites with the required flame resistance with the help of fire retardant materials.

A study by Ramani and Dahoe, (2014) compared the flammability characteristics of glass
fibre reinforced poly (butylene terephthalate)/ PBT with and without halogenated fire
retardants. The authors used a halogenated fire retardant of brominated polystyrene and
antimony trioxide (Sb2O3) and non-halogenated fire retardants consisted of aluminium diethyl
phosphinate and montmorillonite clay. It was reported that the composites containing nonhalogenated FRs had higher limiting oxygen index (LOI) values than those of the composites
having halogenated FR. Furthermore, addition of both halogenated and non-halogenated FRs
achieved a direct flame extinguishing rate of V0 in UL94 test. This investigation proved that
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other non-halogenated FRs can be used in lieu of brominated FRs without compromising
some of the flammability properties. However, the authors used inconsistent blend ratios
across the range of composite formulations which might cause bias in the results and
comparison of non-halogenated FRs to halogenated FR becomes difficult. In another
comparative study by Stark et al., (2010), five additive-type FRs were investigated for their
effect on wood flour-polyethylene composites’ flammability. Unlike Ramani and Dahoe,
(2014), Stark et al., (2010) employed consistent amount of FRs in their composite blends: 10
wt% of decabromodiphenyl oxide+antimony trioxide; Mg(OH)2; zinc borate; melamine
phosphate; and APP. The brominated FR performed worst in cone calorimeter tests: had
highest peak heat release rate (PHRR) and mass loss rate amongst all the other FRs.
Brominated FR had relatively lower LOI values than APP and melamine phosphate FRs.
However, the brominated FR did not compromise the stiffness and enhanced the strength of
the composite compared to composites without FRs. Therefore, from the study by Stark et
al., (2010) it is clear that other non-halogenated FRs could be used which gives better fire
performance than halogenated FRs.

One of the common non-halogenated FR is mineral based FRs which could be Mg(OH)2 and
Al(OH)3. Sain et al., (2004) investigated the effect of Mg(OH)2 on the flammability
properties of sawdust and rice husk added PP composites using horizontal burning rate and
oxygen index tests. Mg(OH)2 alone (not in conjunction with any other FRs) was reported to
decrease flammability properties of these natural fibre-PP composites by almost 50 %. The
presence of FRs deteriorated the tensile and flexural strengths of the composites: this effect
was more dominant in sawdust added PP composites than rice husk/PP composites. Addition
of FRs also reduced tensile and flexural modulus and similar to strength values, the effect
was less severe in rice husk/PP composites. Although the study by Sain et al., (2010) exhibits
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the potential of Mg(OH)2 as an effective fire retardant, only two flammability tests
(horizontal burning rate and oxygen index tests) were undertaken by the authors. It is
necessary to test the flammability properties of composites through a wide array of tests to
demonstrate a credible and acceptable flame retardant behaviour of a particular FR. The
aforementioned shortcoming of the study by Sain et al., (2010) has been overcome by
Balakrishnan et al., (2012) where many flammability tests were performed on Mg(OH)2
added polyamide 6/PP (PA6/PP) composites. These tests included cone calorimetry, LOI,
UL94, thermogravimetry (TGA) along with X-Ray diffraction, electron microscopy, and
mechanical properties characterisation. The loading amount of Mg(OH)2 was varied from 2050 wt% and the authors reported reduction in heat release and mass loss rate with increasing
Mg(OH)2 amount. Higher amounts of Mg(OH)2 in the composites increased the time to
ignition (TTI) values. V0 rating were obtained at Mg(OH)2 loading amount of 40 and 50
wt%. LOI values were also improved as result of Mg(OH)2 application. The amount of
residues left after thermal degradation (observed through TGA) increased with higher loading
amounts of Mg(OH)2. Although the authors have shown that both tensile and flexural
modulus improved due to Mg(OH)2 addition but the FR had negative effect on the
tensile/flexural and impact strength values.

There have been many studies on the effect of phosphorous-nitrogen based FRs on the
flammability of polymeric composites containing different types of bio-based reinforcements.
Garcia et al., (2009) performed an investigation to determine the effect of APP along with
Al2O3 and melamine cyanurate. The authors found that APP caused self-extinguishment of
the wood/high density polyethylene composites (wood/HDPE). Furthermore, the authors
observed that composites containing APP and stabilisers exhibited lower fading and higher
outdoor durability that those of composites without any stabilisers or FRs. Elsewhere, Arao
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et al., (2014) investigated the flammability properties of wood/PP composites added with
APP. The effects of APP were compared with other FRs such as melamine polyphosphate
and aluminium hydroxide. The authors achieved a V0 rating in UL94 test with a APP loading
amount of 10 wt% however, they did not observe the same self-extinguishment with a higher
loading amount of APP (30 wt%). With regards to the reaction-to-fire properties, APP had
lower PHRR and total heat release (THR) compared to other FRs (melamine polyphosphate
and aluminium hydroxide), neat PP, and composite without any FR. APP based samples also
had the least mass loss under combustion regime. However, although application of all FRs
deteriorated the mechanical properties (compared to composite without FRs), addition of
APP had the most compromising effect (amongst other FRs) on both tensile strength and
modulus. Three different types of APPs were investigated for their effect on the flammability
properties of kenaf/PP composites by Subasinghe and Bhattacharyya, (2014). The authors
used melamine formaldehyde surface coated APP, fine particle APP, and intumescent APP
all having varying particle size. The authors demonstrated (through microscopy) that
although the APPs were of different particle sizes, the attrition due to twin-screw extruder led
to a uniform dispersion in the PP matrix. However, the authors did not see much difference
between the flammability properties (especially vertical burning, TTI, PHRR, THR, and fire
performance index) of composites (30 wt% kenaf and 20 wt% FR) added with three different
types of APP. Application of all the FRs reduced the PHRR/THR and improved the fire
performance index of composites than those of neat PP and kenaf/PP composites without any
FRs. On the other hand, all the APPs reduced the TTIs of the composites and did not provide
any rating in vertical burning/UL94 test. Moreover, both tensile and flexural strength values
were reduced as a result of APP addition (compared to kenaf/PP composites). The
tensile/flexural moduli, however, were somewhat retained in the composites containing
APPs. The effect of intumescent APP on wool/PP composites was extensively studied by
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Kim et al., (2015) and Kim and Bhattacharyya, (2016). The studies by Kim and group took
advantage of the inherent charring ability of wool fibres along with the flame retardant
characteristics of APP. The authors observed self-extinguishment and lower heat release rates
in composites containing both wool and APP. The authors also pointed out that polymer
viscosity can play an important role in dispersing the APP particles in the matrix which might
eventually influence the flammability properties of the composite. Addition of both wool and
wool+APP enhanced the tensile moduli of the composites compared to the neat PP. However,
APP decreased the tensile strength values. The effects of APP in conjunction with wool on
the flexural properties were not shown by the authors, which could have given a wider aspect
of APP addition on mechanical properties of polymeric composites. In a subsequent study by
Kim and Bhattacharyya, (2016), the different nitrogen contents of APPs on the
flammability of wool/PP composites were investigated. The higher N2 containing APP was
found to be effective against fire spread as it forms a closed and compact char structure.
However, the APP particles were found to interfere with the interaction of wool and PP even
with MAPP application which compromised the mechanical properties.

From the aforementioned studies, it is clear that non-halogenated FRs are increasingly
becoming popular due to their innocuousness towards the environment and human health.
However, although non-halogenated FRs are very effective to reduce the flammability of
polymeric composites, they (at most times) compromise the mechanical properties of the
resulting composites. Also, it is evident from literature that no studies investigating the
flammability of biochar based composites are conducted in the past. This necessitates the
need to comprehend the flammability properties of polymeric composites with added biochar
and gain knowledge whether biochar has synergistic or antagonistic reaction towards nonhalogenated FRs.
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2.3

Unsolved matters and research gaps

Based on the above literature review, certain research gaps were identified. Although biochar
has been extensively applied in scientific area of contaminant remediation, filtration, and soil
amendment, its use as a polymer composite constituent has not been explored. Only one
study was conducted (Ahmetli et al., 2013) prior to the current research project which
attempted to investigate the potential of biochar in polymeric composites. Therefore, there
was a window of opportunity in this PhD project to examine the effect of biochar on
composites.

Given the lack of studies on biochar based composites, it becomes important to determine the
loading amount of biochar which is the most suitable for enhancing the mechanical properties
of composites. Owing to the small particulate nature of biochar, measuring their individual
mechanical properties through conventional methods becomes challenging. Therefore, it is
imperative to determine the hardness and modulus (using nanoindentation) of several wastebased biochar and understand their effect on the properties of resulting composites. It is also
worthwhile to comprehend if the same technique of nanoindentation could be applied on the
composite’s constituents in order to predict the bulk mechanical properties. In addition, there
is a need to investigate the type of biomass which is the most compatible with the tested
biochar.

There have been numerous investigations related to the fire behaviour of composites.
However, there is a dearth of studies which conducted tests regarding fire behaviour of
composites containing biochar in them. In fact, there was just one study (Liu et al., 2014)
that determined the reaction-to-fire properties of biochars made at different pyrolysis
temperatures. Hence, measuring the reaction-to-fire properties of the neat biochar becomes
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critical which would in turn also provide an insight into its effect on the overall combustion
characteristics of the resulting composites. Furthermore, the effects of conventional fire
retardants (e.g. APP and Mg(OH)2) on the fire and mechanical properties of biochar based
composites is not well known. In addition, it is also important to determine if the production
cost of biochar based composites could be reduced by decreasing the amount of coupling
agent in the blend. In the past, only one study applied biochar to neat PLA (without any other
reinforcements) to manufacture composites. Therefore, it is necessary to investigate the
effects of just biochar without other biomasses on other polymers, such as, in this case PP.

In accordance with the aforementioned research gaps, the current research would attempt to
manufacture biochar based polymeric composites and determine the effect of biochar on the
performance properties of the resulting composites.
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3 Chapter 3: Research methodology
3.1

Materials and experimental details

The details of the raw and starting materials, manufacturing methods and different
characterisation techniques are provided in this chapter. The first section of the chapter
introduces the raw materials used in this research. The production methods used to yield
some of the raw materials (e.g. biochars) are explained in detail. Following this, the
processing steps of the manufacturing methods used to fabricate the composites are
described. In addition, an array of instruments, which were used to characterise the
mechanical, chemical, thermal, fire, and microscopic properties of the raw materials and the
resulting composites are introduced. The procedure for each of the characterisation method is
explained in detail along with information about the respective instrument.

3.1.1 Materials
3.1.1.1

Production of biochars

In the research project a total of seven biochars were employed to investigate their effect on
manufactured biocomposites. Amongst them, five biochars were produced using
waste/landfill pine wood. These woods are waste product from lumber industries which
typically end up in landfill. The other two biochars were made from sewage sludge and
poultry litter. First five pine saw dust biochars were obtained from two different sources,
made at two different pyrolysis systems and at five different pyrolysis temperatures. The first
set of biochars was produced at Alternative Energy Solution, Pukekohe, NZ, in a one-step
auger pyrolysis reactor at temperatures of 470 °C (sample named as PSD 470), 450 °C
(sample named as PSD 450) and 420 °C (sample named as PSD 420) and at a residence time
of 10 min. The pyrolysis system consisted of an auger reactor having a single horizontal
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chamber equipped with a cyclone separator. The biomass was fed into the system by an auger
operated hopper and it was also heated prior to injection in the hot zone (pyrolysis regime).
The biochar was separated from the exiting gases in a cyclone.

The second set was produced at Taupo Carbon Producers Ltd., Taupo, New Zealand (NZ), in
a two-step pyrolysis reactor at final pyrolysis temperatures of 900 and 350 °C. The system
consisted of two horizontal and parallel cylinders, where for the first biochar sample (sample
named as TCP 900) the upper cylinder was maintained at 500 °C and the lower one at
900 °C. The biomass, which was landfill pine saw dust, was fed through a hopper in the
upper cylinder (auger screw driven) and then after the initial conversion into biochar was
again introduced automatically to the second reactor (auger screw driven) that was
maintained at 900 °C. The second reactor activated the biochar which was formed in the first
reactor by evolving the residual tars that remained in the pores, thus un-clogging them and
increasing their surface areas. The biochar was separated through a cyclone. For the second
biochar sample (sample named as TCP 350), the same process was followed, but both the
cylinders were kept at a temperature of 350 °C. In both cases, the residence time was 60 min.
The properties of the biochars (and how they affect the properties of resulting composites) at
two extreme heat treatment temperatures/HTT (900 °C- high temperature activation regime
and 350 °C- torrefaction regime) and at medium temperatures (420, 450, and 470 °C) were
attempted to be investigated in this research. The two retention times (60 min- long and 10
min- short) towards the very ends of the residence time spectrum (for slow pyrolysis) were
selected to observe how the individual properties of the biochar particles affect the
performance of the resulting composites.
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The last two sets of biochar were made from sewage sludge (Sample named as Biosolids) and
chicken litter (sample named as Poultry Litter). The biosolids biochar was a product of the
post activated sludge wastewater system which was obtained from a wastewater treatment
plant near Hamilton, NZ. The biosolids biochar was produced by a process (HTT= 680 °C,
Residence time= 10 min) as detailed elsewhere (Srinivasan et al., 2015). The poultry litter
was produced at Biochar Energy Systems Pvt. Ltd, East Bendigo, Victoria, Australia. A
continuous auger system was used to pyrolyse softwood based poultry litter at 450 °C with a
residence time of 20 min. Table 3.1 shows the summary of the production methods and
reaction conditions for all the biochars.
Table 3.1. Biochar production conditions
Biochar

Feedstocks

Reactor

PSD 470
PSD 450
PSD 420
TCP 900
TCP 350
Biosolids
Poultry Litter

Pine saw dust
Pine saw dust
Pine saw dust
Pine saw dust
Pine saw dust
Sewage sludge
Chicken litter

1 step auger
1 step auger
1 step auger
2 step auger
2 step auger
Batch reactor
Continuous auger

Final
Temperature
(°C)
470
450
420
900
350
680
450

Residence
time (min)
10
10
10
60
60
10
20

3.1.1.2 Raw materials
Four diverse biomasses were used in conjunction with biochar to manufacture the
biocomposites. The wood (WD) used in the research project was obtained from landfill which
is the waste product from lumber industries in New Zealand (NZ). The rice husk (RH) was
obtained from a local rice milling plant in Pakistan whereas the coffee husk (CH) was
collected from Segafredo Zanetti coffee factory in Auckland, NZ. Coarse wool (WL) fibres
were provided by Bloch & Behrens Ltd, NZ which was cleaned using non-ionic solutions in a
scouring process to remove surface impurities.
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Commercially available polypropylene (PP) (Molpen HP 400L) with a melt flow index (MFI)
of 5.5 g/10 min was obtained from TCL HUNT. Clariant Ltd provided the commercially
available maleic anhydride grafted polypropylene (MAPP) (Licocene PP MA 6452 Fine
Grain TP). Ammonium polyphosphate (APP) used was Budit 3167 (22 wt% phosphorus and
21 wt% nitrogen) and Mg(OH)2 used was Magnifin HV502.

Table 3.2 shows the

specifications for the commercial PP.
Table 3.2. Specification for commercial polypropylene

PP grade

Manufacturer

Density (g/cm3)

Melt flow index
(MFI) (g/10
min)

Application

HP400L
homopolymer

Lyondell Basell

0.9

5.5

Injection

3.1.2 Composite manufacturing procedure
3.1.2.1 Mixing and compounding processes
The manufacturing of biocomposites mainly consists of compounding followed by moulding
which helps to melt the polymer and blend the bio-based reinforcements (fibres, particles,
etc.) and additives together to yield the desired shape of a composite sample. In this research
project, the composite constituents were initially physically mixed which were then directly
compounded and moulded. The detailed manufacturing process is explained as follows.

3.1.2.1.1 Mixing by blending
At first biochar chips, PP, and the biomass uses were all were ground in a Retsch Mill
(Model: SM 100; 230V and 50 Hz) (Figure 3.1a), equipped with an A-Series motor. The
sieve aperture was 425 µm. This milling and size reduction were followed by drying in an
oven (Figure 3.1.b) at 65 °C for 40 hours. The drying of the constituents was done to reduce
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the moisture content below 5 wt%. After the drying step, the composite constituents were
physically blended/mixed at room temperature in a Ferry Industries Inc. Plas. Mec. (Model:
TRL/20/FV; 415V and 50Hz) high intensity mixer (Figure 3.1c).

Figure 3.1. Size reduction (a), oven drying (b) and dry blending (c) of composite constituents

3.1.2.1.2 Direct compounding process
A co-rotating twin screw extruder was used for melt blending/compounding of the mixed
materials (Lab tech Engineering Company Ltd. Scientific; Model: LHFS1–271822; S/N 020)
(Figure 3.2a). In the processing of the constituents, the screw RPM was set at 90 whereas the
temperature was maintained in the range of 175 °C to 195 °C from barrel to the die zone.
This Barrel temperature was chosen based on the fact that the melting temperature of the
polymer (PP) is about 165 °C and thermal degradation temperature of biomass is around
200 °C (Janssens, 2004). Hence, temperature of the barrel was maintained which was
between these two thermal properties of the constituents of the composite. The blended
mixture was fed through a hopper (WOYWOD Plasticolor 2200 pellet screw feeder) which
was kept at a constant RPM of 1. The extruded materials from the die were conveyed and
cooled over a belt and then pelletised by a Lab Tech Engineering Company Ltd. (Model: IZ–
120; 0.9 kW) mill (Figure 3.2b). The pellets were dried overnight in the oven to reduce the
moisture content to <5 wt% and then subjected to moulding process as described below.
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Figure 3.2. Twin screw extruder (a) and Pelletiser (b)

3.1.2.2 Compression and injection moulding
As a final manufacturing process, the pelletised samples were moulded to give the composite
samples the desired shape. Two types of moulding process were applied in this research: first
compression moulding and then injection moulding. The compression moulding process is
attractive due to its low purchase and maintenance costs. Moreover, the simplicity of
operation is another advantage of compression moulding. In the research, about 70 g of
pellets were compressed in a 10 tonne hydraulic press (Model: 4332, S/N: 326, Carver Inc.)
(Figure 3.3a). The platens (both top and bottom) on the hot press were heated to a
temperature of 195 °C and were kept at that temperature because the biomass tends to
degrade at around 200 °C. A total load of 10 tonnes was applied to make the planks. In order
to avoid bubble formation during the compression moulding, the load was applied gradually
until the full load (10 tonnes) was reached. From each batch, five planks were made. The
planks (Figure 3.3b) were taken out from the mould after cooling down to the ambient
temperature. The width of the planks was 100 mm whereas the thickness was 3 mm.
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Figure 3.3. Compression moulding and composite planks obtained

Another moulding process used in this research was injection moulding. This moulding
process was preferred over compression because of the fact that injection moulding provided
more control in producing the composite samples. The high pressure in injection moulding
allows for a better finish in the samples. Moreover, the cooling is more efficient than
compression leading to more efficient output. The whole injection moulding process is
automated which facilitates reduced overhead cost and more importantly precise and accurate
composite samples. In this research, the composite pellets as obtained from direct
compounding process were injection moulded into dog bone and disk-shaped specimens,
which were used for tension/flexural, and fire tests, respectively (Dr. Boy, GMBH 53577,
Neustadt, Germany) (Figure 3.4). The temperature range in the barrel was 165-195 °C
whereas the holding and the back pressure was set at 70 and 0.8 bars, respectively.
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Figure 3.4. Injection moulding machine

3.1.3 Material characterisation methods
The biochars and the composite samples were analysed for their physical, chemical, thermal,
mechanical, fire, and microscopic properties using an array of characterisation techniques.
Each of the techniques and instruments used in this research is described in the following
sections.

3.1.3.1 Physical characterisations
The moisture content and ash of the biochars were determined following ASTM D1762-84
protocol. The elemental analysis was done by an EA 1108 CHNS-O analyser as per ASTM
standard D5630. The Brunauer Emmett Teller (BET) surface areas of the biochars were using
a TriStar 3000 instrument, which was supplied by the Light Metals Research Centre at The
University of Auckland. In the pre-processing stage, all the biochar samples were degassed in
an oven for 48 hours at 120 °C, following by degassing in a nitrogen atmosphere for two
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hours at 300 °C. After that, the vapours and other substances clogging the pores had evolved.
The samples were then loaded in the TriStar 3000 to carry out the nitrogen adsorption tests.
These tests took between five to ten hours, with higher surface areas taking more time. The
particle densities of biochar and wood were measured in a digital pycnometer
(Endress+Hauser, Germany, Serial Number: F8066501129) (Figure 3.5) with a span of 0.5 to
10 bar.

Figure 3.5. Pycnometer to determine densities of biochar and wood

3.1.3.2 Chemical characterisations
3.1.3.2.1 Fourier transform infrared spectroscopy (FT-IR)
Fourier transform infrared spectroscopy (FT-IR) is an analytical technique which determines
the absorption and transmission of infrared lights of materials. Both solid and liquid
specimens can be used to pass infrared lights through them. The detector in the instrument
records the absorption and transmission through the molecules which in turn is used to
generate a spectra or molecular fingerprint, particular for the specimen. The spectra provide a
pattern which can be used to gain chemical structural insights into the tested material.
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To comprehend the chemical reactions (represented by changes in functional groups)
occurring in the composite blends and their constituents, they were all subjected to Fourier
Transform Infrared Spectroscopy (FT-IR) and their spectra were recorded and analysed. The
infrared spectra of the samples were collected in a Shimadzu IR Prestige 21 instrument with a
Pike Miracle ATR compression clamp (Figure 3.6). For each sample, 64 scans were obtained
and averaged from 750 cm-1 to 4,000 cm-1 with a 4 cm-1 resolution. All the raw spectra were
corrected for zero baselines, and the dominant peaks were identified.

Figure 3.6. FT-IR instrument

3.1.3.2.2 X-Ray diffraction (XRD)
X-ray diffraction (XRD) is a rapid analytical technique which provides information on the
crystal structure of material along with its phase identification and unit cell dimensions. The
basic components of a typical XRD are an X-ray tube, sample holder and X-ray detector. A
cathode ray tube generates electrons which hit a target material (e.g. copper) to produce Xrays. These X-rays are then directed onto the test sample, which is rotated, and the reflected
X-rays are detected. When conditions satisfy the Bragg’s law, the interaction of X-rays and
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the sample produces a constructive interference which is finally converted into a count rate
and displayed on a computer monitor.

In this research, X-ray diffraction crystallography (XRD) (Figure 3.7) of the constituents and
the composite samples was done on Bruker D2 Phaser instrument with scattering angle, 2θ,
scanned from 7o to 70o at 30 kV, 10 mA using Cu Kα radiation.

Figure 3.7. XRD instrument

3.1.3.2.3 Solid state nuclear magnetic resonance spectroscopy (SS-NMR)
Nuclear magnetic resonance spectroscopy (NMR) has been widely used to elucidate the
structure of organic compounds. Nuclear magnetic resonance is a property of the nucleus of
an atom of a material having a particular nuclear spin (I). Upon introduction in a magnetic
field, a nucleus with I=1/2 can either align itself with (lower energy) or against (higher
energy) the applied field. When radio waves are applied, the nuclei can absorb the energy and
reach a higher energy state. The nuclei can also release the absorbed energy going back to its
lower energy state. This transfer of energy occurs at a wavelength which corresponds to the
radio frequencies, and when the nuclei return to its base level, energy is emitted at the same
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frequency. The signal matching this energy transfer is measured and processed to generate
the NMR spectrum of the particular nucleus of the material.

The solid state NMR (SS-NMR) experiments for this research were performed using a Bruker
Avance 300 spectrometer operating at 300.13 MHz proton frequency. A multinuclear doubletuned Bruker probe with 7 mm zirconia rotors, retained with Kel-F end-caps was used. The
13C CP/MAS spectra were recorded using a 4.2 µs 90° proton pulse, the recycle delay of 1s,
the spectral width was 30 kHz and a spin rate of 6.5 kHz. A contact time of 1ms was used for
the 13C CP/MAS experiments. 1H decoupling was obtained via the continuous wave
approach. All spectra were referenced (externally) to adamantane (38.48 ppm) and were
processed using TopSpinTM NMR Software (Bruker).

3.1.3.2.4 Electron spin resonance spectroscopy (ESR)
Electron spin resonance spectroscopy (ESR) is used as an investigative tool to understand the
radicals formed in solid materials. The principle is based on the interaction of unpaired
electron spins with an external magnetic field. The molecules of solid material can exhibit
paramagnetism due to unpaired electron spin. Application of a magnetic field and
electromagnetic energy in microwave frequencies can be applied to generate a transition
between the spin states. The resulting absorption spectra is recorded and analysed as electron
spin resonance.

In the current work, the ESR experiments on the composites were done on JOEL JES–FA200
ESR Spectrophotometer using a modulation frequency of ~9000 MHz and sweep time of 2
min with a power level of ~1 mW.
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3.1.3.3 Mechanical characterisations
3.1.3.3.1 Tensile and flexural tests
Instron 5567 (Figure 3.8a) and 4465 (Figure 3.8b) Universal Testing Machine (UTM) were
the two main instruments used to determine the tensile and flexural properties of the
biocomposites in this research. Both the instruments have the ability to conduct tensile and
compressive tests on the specimen. The Instron 5567 is equipped with a non-contacting video
extensometer whereas the Instron 4465 has a mechanical extensometer which record and
measure the tensile extension of the tested sample. Bluehill material testing software controls
the entire tests in both the Instron machines which includes data input (sample dimension,
crosshead speed, span lengths, etc.) and generation of output in the form of stress-strain
curves. Finally, the results pertaining to strength, modulus, elongation at break, etc. are
produced using a data processor.

The biocomposite samples (width=12.7mm; thickness=3mm) were measured for their tensile
strengths and moduli (chord moduli between 0.05-0.25% strain) on an Intron universal testing
machine (model number 5567 and 4465): each specimen had a 50mm gauge length and the
cross head speed was kept at 5mm/min following the ASTM D638 Protocol (Figure 3.8c).
The extension due to tension was measured by an extensometer. Furthermore, these samples
were selected at random and flexural test was conducted with a 3 point bending rig on Instron
5567 and 4465 UTM based on ASTM D790 protocol (Figure 3.8d).
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Figure 3.8. Mechanical (tensile and flexural) tests of composite samples

3.1.3.3.2 Nanoindentation
Nanoindentation is a technique which determines the value of hardness and moduli of
extremely small regions of material. The principle of nanoindentation is akin to other
common micro-hardness tests (e.g. Vickers) however, the only difference is the much smaller
nature of its probe and the applied load. The background about nanoindentation technique
along with theory used to determine hardness/modulus and different tips and their geometries
are explained in Chapter 2.

Nanoindentation was performed on a Hysitron TI-950 TriboIndenter having a three sided
diamond Berkovich tip (Serial: MS05130913) (90o angle to the flat particles) equipped with a
Triboscan software. A typical Hysitron instrument (available at the University of Auckland,
NZ) is shown in Figure 3.9 along with a schematic diagram which was used for this research.
The instrument consists of two perpendicular transducer systems and the displacement of the
centre plate is measured capacitively. The system consists of a sub-30 nN force noise floor,
ultra-fast feedback control, and data acquisition rate up to 30 kHz. The nanoindenter is also
equipped with an in-situ scanning probe microscope (SPM) which provides precision in testplacement accuracy and data reproducibility.
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Figure 3.9. Hysitron instrument at the University of Auckland along with a schematic
diagram of the machine

All the biochars along with ground PP and wood were embedded in an Allied high tech
epoxyset resin (Resin: Epofix hardener= 25:3) and cured for a day. Following that, each
embedded sample was first ground in silicon carbide P120, P220, P500, and P1200 grit
(Struers laboPol−21, Denmark) and then polished in diamond 6 µm, 3 µm, and 1 µm grits
(Struers DP−10). The composite samples were just ground and polished as described above
without being embedded in resin. Images were observed under optical microscope and the
composite samples were cut into small squares and affixed on stainless steel cylindrical
blocks by superglue.

The nanoindentation was performed by a displacement controlled method where loading and
unloading were done at the same rate of 2000 nm/5 s. The surface topography of each biochar
sample was measured in a piezoelectric transducer by SPM (scanning probe microscopy).
Hardness (H) and elastic modulus (Es) were calculated from the load-displacement data.
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Nanoindentation hardness values of all biochar particles were measured according to the
following formula (Lee et al., 2007):

𝐻=

𝑃𝑚𝑎𝑥

Eq 3.1

𝐴

where
Pmax= Load at the maximum penetration depth in an indentation cycle.
A= Contact area (25.5 hc2)
hc = Contact depth
The reduced modulus (Er) was determined from contact stiffness (S):

𝐴

𝑆 = 2𝛽√ 𝐸𝑟

Eq 3.2

𝜋

where
β= 1.034 for Berkovich tip
The elastic moduli (Es) of all the samples were determined from the value of reduced
modulus (Er) using by the following formula:
1
𝐸𝑟

=

1−𝑣 2
𝐸𝑠

+

1−𝑣𝑖 2
𝐸𝑖

where
v= Poisson’s ratio of the sample assumed to be 0.3 (Wu et al., 2010)
vi= Poisson’s ratio of the indenter tip= 0.07
Ei= Modulus of the tip= 1140 GPa
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Eq 3.3

3.1.3.4 Thermal analysis
3.1.3.4.1 Thermogravimetric analysis (TGA)
Thermogravimetry is a process wherein the weight loss of material is recorded and analysed
as a function of temperature or time. TGA is an instrument which uses the aforementioned
principle to investigate the thermal behaviour of a material which includes but is not limited
to the onset of thermal decomposition, decomposition maxima, weight loss, the amount of
residues, etc. Outputs from thermogravimetric analysis include a plot of sample weight vs.
temperature showing the mass loss profile of the material along with the amount of residues
left after the experiment. TGA curves can also be used to determine other thermal parameters
such as activation energies, pre-exponential factor, etc.

The TGA instrument used in this research consisted of a radiant heating chamber,
temperature controller, sensitive and precise balance, gas feed system, and data analyser. The
samples of composites and individual constituents were dried at 105 °C and analysed
thermogravimetrically in a Shimadzu TGA60 analyser (Figure 3.10b). About 4-9 mg of
different samples were put into the aluminium pans and heated at a constant heating rate of
10 °C/min. The final temperature inside the furnace was 595 °C and the carrier gas (Argon)
flow rate was 50 ml/min. The inert gas was used to deter any secondary reactions arising
from the volatile products of the tested sample. First order derivatives were obtained from the
mass loss curves to determine the other TGA results such as the onset of decomposition
temperature (T5%) and the temperatures at the maximum mass loss rates (Tmax1 and Tmax2).

106

Figure 3.10. TGA instrument

3.1.3.5 Flammability analysis
Understanding of the fire behaviour of biocomposites is essential to ensure public safety and
non-hazardous end-of-life disposal. Therefore, several types of flammability tests, which
include bench/lab scale tests and full-scale tests, are developed and employed to determine
the combustion characteristics of composites.

3.1.3.5.1 Limiting oxygen index (LOI)
One of the most important factors to sustain and initiate combustion of materials is oxygen. A
self-sustaining combustion cycle is maintained if the oxygen is present above the minimum
amount required along with adequate fuels. However, if the amount of oxygen falls below the
minimum level, flame extinguishment occurs. Limiting oxygen index (LOI) is the percent
concentration of oxygen required at which a material will only just burn downwards (i.e.
sustained combustion) akin to a candle. The LOI apparatus holds a sample of the tested
material which is clamped in a vertical position inside a glass tube. The atmosphere inside the
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tube is such where the concentration of oxygen and nitrogen can be altered. The overarching
aim of the test is to determine the flammability of the material by igniting it with a small pilot
flame and reducing the amount of oxygen below the critical level beyond which combustion
of the tested material is not sustained. Alternatively, the amount of oxygen concentration can
be increased gradually until the sample undergoes sustained combustion. Thus, the next
lowest oxygen concentration is reported as the LOI value of that material. Essentially, a
sample with higher LOI value is difficult to be ignited whereas a sample is ignited easily if it
possesses lower LOI value. However, the relative resistance to burning is based on the
chemical composition (and physical integrity) of each of the materials.

In this research, dog bone samples of composites were machined to match the dimensions of
125×6.5×3 mm and their LOI values were determined using a LOI instrument (Fire testing
technology Ltd., UK) according to ASTM D2863-13 protocol. The apparatus consisted of a
75 mm glass tube, gas flow controller, percentage oxygen display, and a paramagnetic
oxygen analyser. After flame application, the time and extent (downward distance) of the
burning of the tested sample were recorded until the combustion pattern was not applicable
i.e. burning for over 180 s and over 50 mm of the sample. Figure 3.11 shows the LOI
instrument used in this research.
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Figure 3.11. LOI instrument

3.1.3.5.2 Cone calorimeter
The cone calorimeter is one of the most important bench-scale instruments to determine the
fire behaviour of materials. The heat release rate (HRR) is the main factor to access the
reaction to fire of tested materials. HRR is determined based on the principle that the oxygen
consumed during combustion is proportional to the release of heat. The apparatus analyses
and measures (using a parametric analyser) the combustion gases (CO and CO2) produced
along with the smoke (measured by a laser obstruction system) from a material which is
burning under a set heat flux. The surface of the sample can be subjected to different values
of heat fluxes which cause ignition (through a spark igniter located just above the cone
heater) and subsequent combustion in excess air. The sample is usually placed on a metal
specimen holder (horizontally or vertically) over a load cell. This load cell records the loss of
mass during the combustion cycle. Figure 3.12 illustrates a schematic diagram of a common
cone calorimeter instrument.
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Figure 3.12. Schematic diagram of a cone calorimeter instrument (Lindholm et al., 2009)

The cone calorimeter provides an array of quantitative data related to fire risks such as time
to ignition (TTI), heat release rate (HRR), total heat release (THR), etc. and CO/CO2 and
smoke production which are related to fire hazards. These comprehensive set of data can be
used to determine the burning/combustion behaviour of a tested material such as structural
collapse, intumescence, char formation, etc. In the current research, the combustion
properties of materials under heat radiation were evaluated using a cone calorimeter (FTT
Limited, East Grinstead, UK) under the defined testing setup and procedure by ASTM
E1354. The samples (100 mm diameter x 3 mm thickness) were pre-conditioned at 23 °C,
and 50% humidity and then were exposed in a horizontal position under an external heat flux
of 50 kW/m2, which has been commonly used in the mild fire scenario (Schartel and Hull.
2007). Five fire-reaction parameters, such as time to ignition (TTI), heat release rate (HRR),
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CO and CO2 production, and mass loss rate, were mainly discussed to investigate fire
behaviour of the raw materials and composites. Three replicated experiments were carried out
to report average value with standard deviation.

3.1.3.6 Microscopic analysis
Structural changes occurring as a result of physical deformation (e.g. after a mechanical test)
or chemical/thermal changes (e.g. after combustion) are not evident from visual examination.
Moreover, the morphologies of smaller particles are better comprehended if their microstructures are amplified. Microscopy can assist in providing information on the microstructures of the materials. In this research, three different microscopic techniques were
employed, namely, optical microscope, scanning electron microscope (SEM) and
transmission electron microscope (TEM). The details of these three instruments are described
below.

3.1.3.6.1 Optical microscopy
The tensile fractured surfaces of composites and the particles in resin can be visualized
quickly without any sample preparation using an optical microscope. A Leica MZ16
(Germany) stereo microscope was used to assess the cross-sectional areas of the composites
and the manifestation of the nanoindentation samples. The system has CMO (common main
objective) lead-free apochromatic lens. The resin embedded biochar particles and polished
composite surfaces were observed under the same type of instrument (see section 3.1.3.3.2.).
Figure 3.13 shows the microscope used in this work.

111

Figure 3.13. Optical microscope

3.1.3.6.2 Scanning electron microscopy (SEM)
Scanning electron microscopes (SEM) can scan samples with a focused high-energy electron
beam and deliver images containing information about the topography, external morphology,
orientation and chemical composition. The SEM is also able to perform analysis on selected
point locations on the sample surface thereby qualitatively or semi-quantitatively determining
the chemical compositions (e.g. energy dispersive X-Ray spectroscopy/EDS). When the
incident electrons hit the sample, images are produced by backscattered electrons and
secondary electrons which are a result of the sample-electron interaction.

A Philips XL30S FEG (FEG = Field Emission Gun) SEM, Netherlands (Figure 3. 14a), was
used to gather information on tensile fractured composite samples and char left after cone
calorimeter tests. The tensile fractured samples where cut into small pieces and mounted on
stubs using sticky tapes. A small amount of char formed after combustion was carefully stuck
to the stubs using Araldite® superglue. All the samples were sputter coated with platinum
before being subjected to SEM instrument (Figure 3.14b).
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Figure 3.14. SEM instrument (a) and sputter coated char samples (b)

3.1.3.6.3 Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) is used to gain an insight into the structure of
materials. Contrary to SEM, TEM is based on transmitted electrons thereby providing
information on the sample’s internal composition (such as morphology at very high
magnification), crystallisation, etc. The shorter wavelength of the electrons produces TEM
images which are of much higher resolution than that of SEM. However, the TEM samples
need to be cut much thinner compared to SEM samples. Furthermore, TEM images are 2D
whereas SEM provides 3D images.

TEM was performed using a FEI TEcnai F20 instrument, at 200KV. For sample preparation,
a small piece was cut from each sample. The small piece of sample was embedded in epoxy
mould and cured at 60 °C for 48 h. Ultra microtome was done at room temperature on the
epoxy moulded sample to produce thin membrane (<70 nm) using a diamond knife. Finally,
these epoxy-embedded thin films floating in de-ionised (D.I.) water were attached onto
carbon-coated TEM grids, and dried in the air before imaging on TEM.
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3.1.3.7 Statistical Analysis
A single factor analysis of variance (ANOVA) test was performed on the means of the results
from tension, bending, micro-hardness, and nanoindentation tests. The confidence level was
99% (α= 0.01) was used and an appropriate post hoc test was applied in case null hypothesis
was rejected in the ANOVA test. The results of the statistical tests are presented in the
appendices for each chapter.

3.2

Summary

This chapter has provided detailed information about the manufacturing of biochar-based
biocomposites along with their characterisation. At first, composites containing a variety of
biochars were successfully manufactured using compounding and compression/injection
moulding. Following this, the fabricated samples were tested for their chemical, mechanical,
thermal, fire and microscopic properties using a host of characterising instruments. The
aforementioned characterisation methods can thoroughly investigate the effect of biochar
addition on PP composites.
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4 Chapter 4: Effects of biochar addition on the
properties wood/polypropylene composites
This chapter has been extracted from the following two manuscripts:


Das, O., Sarmah, A.K., Bhattacharyya, D., 2015. A novel approach in organic waste
utilization through biochar addition in wood/polypropylene composites. Waste
Management Journal. 38: 132–140.



Das, O., Sarmah, A.K., Zujovik Z, Bhattacharyya, D., 2016. Characterisation of waste
derived biochar added biocomposites: Chemical and thermal modification. Science of
the Total Environment. 550: 133-142.

4.1

Introduction

Owing to the problems (e.g. pollution) related to the application of petroleum-based products,
it becomes critical to resort to methods and processes that encourage and facilitate the
development of bio-based renewable materials. These materials would potentially be able to
curtail the ubiquitous dependency on synthetics and simultaneously utilise organic wastes.
Furthermore, the bio-based materials would stimulate the concept of sustainability while
being capable of being resilient, diverse, efficient, and adaptable (Fiksel, 2003). The renewed
interest in natural products spurred by ecological concerns led to the keywords of
‘recyclability’ and ‘environmental safety’ when introducing and developing new products
and materials. Additionally, most nations are facing problems arising from the landfill
disposal of organic wastes. The regional councils and local governments are, thus, focussing
their attention on a long term and alternative solution for organic waste utilisation.
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In the light of the popularity, necessity, and importance of polymer based materials, the
sustainability of their feedstocks becomes an important consideration. The philosophy of
‘eco-design’ and ‘green’ products are being applied in the manufacturing of polymeric
materials which avoid the application of petroleum-based products while maximising biobased feedstocks and minimising the production of recalcitrant wastes (George et al., 2001).
Extensive investigations have been conducted where polymeric materials have been
reinforced with numerous natural fibres (hemp, jute, kenaf, coir, etc.) and waste derived
organics (Ashori, 2010; Ashori and Nourbakhsh, 2010; Netravali and Pastore, 2014). For
example, Ashori and Nourbakhsh, (2010) attempted to add sunflower/corn stalks and
bagasse fibres with thermoplastics in lieu of wood. Though bagasse fibres showed better
mechanical properties compared to the other residues, the presence and a higher amount of
coupling agent were found to be imperative to maintain the mechanical integrity of the
resulting composites. More recently, Madhoushi et al., (2014) studied the potential of
sanding dust to replace wood in a composite. The authors found that the addition of sanding
dust was detrimental for the tensile and flexural strength due to the poor interfacial bonding
of the dust and the polymer matrix. Authors further observed the physico-mechanical
properties could somewhat be alleviated by adding 2 wt% nanoclay in the composite.
Preparation of composites was also trialled by adding waste newspaper fibres in a separate
investigation by Ashori, (2010), and the author was able to enhance the mechanical (tensile,
flexural) properties of the resulting composites in conjunction with a coupling agent (maleic
anhydride grafted polypropylene/MAPP). Elsewhere, waste paper sludge was used along with
wood flour, high density polyethylene (HDPE), and MAPP to construct composites having
better flexural properties (Hamzeh et al., 2011). However, the natural and waste based
reinforcements have the disadvantages of being uncertain in their quality and possess
inconsistencies (e.g. anisotropy) in their physical properties. Therefore, innovative waste-
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based materials, with coherent structure and chemistry, need to be explored to comprehend
their ability to be used as constituents in polymer composites.

In the light of problems associated with the applications of petroleum based products, it
becomes vital to resort to techniques and processes that encourage the development of novel
bio-based materials (Fiksel, 2003). The organic wastes can be converted to a carbonaceous
material called biochar through the process of pyrolysis, the details of which are given in
Chapters 1 and 2. Biochar is comparatively cheaper and renewable material which, at present,
lacks value added applications other than the conventional carbon sequestration, soil
amendment, and contaminant removal. In order to impart biochar with versatility in its
application potential, previously unexplored avenues should be considered. Recently Nan et
al., (2015) added biochar (loading amount of 2 wt% and 10 wt%) with Poly (vinyl alcohol)
(PVA) to create composites having comparable electrical conductivity to graphene and
carbon nanotube-based composites. The authors also reported improved moduli of the
biochar added composites along with an elevation of thermal stability. Elsewhere, biochar has
been used as reinforcements in styrene-butadiene rubber and epoxy resin with promising
results (Ahmetli et al., 2013; Peterson, 2012). Additionally, building walls made with
biochar are being investigated at the Ithaka Institute, which could be a potential controller of
humidity, heat, electromagnetic radiation, etc. (Schmidt, 2013). The advantage of employing
biochar in composites is twofold: firstly, it provides an effective utilisation of organic wastes
which otherwise would be dumped in landfills and eventually upon degradation would add to
the existing pool of greenhouse gases. Secondly, biochar containing composites are expected
to reduce the synthetic polymer contents in the commonly available composites. Hence, the
central aim of this chapter is to comprehend the effects of adding biochar on the properties of
the resulting wood/polypropylene composites. This chapter mainly focusses on the

117

comparison of the mechanical, chemical, thermal, and microscopic properties of
wood/polypropylene composites added with different amounts of pyrolysed biochar.

4.2

Effects of biochar on composites

4.2.1 Composites manufacturing and characterisation
The overarching rationale of this chapter is to gain the maximum usage of biochar while
simultaneously reducing synthetic polypropylene content in a biocomposite. The biochar
added composite samples were manufactured (loading amounts of biochar= 6, 12, 18, 24, and
30 wt%) using melt blending/compounding and compression moulding, the details of which
are provided in Chapter 3. The pine wood and the biochar were supplied by Alternative
Energy Solutions at Pukekohe, NZ. The biochar was produced in an auger reactor at 450 °C
and at 10 min retention time under nitrogen flow (20 L/min). When the initial blend (6 wt%
biochar) was made, the weight percentages of the wood, polypropylene (PP), and MAPP
were maintained in order to yield composites with acceptable mechanical properties (wood:
30-50wt%, MAPP= 3-5wt%, and rest PP) (Sallih et al., 2014). After this, the percentage of
the biochar was increased up to 30 wt%. While the PP was reduced corresponding to the
biochar amount in each blend, the amounts of wood and MAPP were kept constant. The
maximum amount of biochar added was limited to 30 wt% because of the fact that any
further increase would cause the percentage of PP to fall below the effective level. This
would make the wood and biochar particles less likely to be wetted by the molten polymer
during processing (Gardner and Murdock, 2002). Table 4.1 summarises the blend ratios of
the composites. The number beside the acronym denotes the weight percentages of biochar in
the blends.
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Table 4.1. Blend ratios of composites
Samples
WPC
WPBC 6
WPBC 12
WPBC 18
WPBC 24
WPBC 30

Wood (wt%)
30
30
30
30
30
30

Polypropylene (wt%)
66
60
54
48
42
36

MAPP (wt%)
4
4
4
4
4
4

Biochar (wt%)
0
6
12
18
24
30

Chapter 1 and 2 described the structure of biochar to be porous-honeycomb in nature with a
carbon backbone, whereas, chemically, biochar may exhibit several functional groups
(hydroxyl, aliphatic, etc.) on its surface. Due to the physical and chemical difference between
biochar and PP, their interaction could determine the compatibility and eventually would
control the stress transfer and bond distribution. A clear comprehension of the complex
nature of biochar integrated within PP matrix is essential to enable effective engineering of
the composites and to enhance the usefulness of biochar as a constituent of composites. An
in-depth investigation becomes necessary to fully understand its effect on the chemistry and
thermal properties of the resulting composites. Only a few studies have conducted
characterisation of polymer based composites using unconventional (for polymer composites)
techniques of nuclear magnetic resonance (NMR), electron spin resonance (ESR), and
transmission electron microscopy (TEM). Luetkmeyer et al., (2007) characterised the
molecular dynamics of composites made from wood and high impact polystyrene using a low
field solid state NMR (SS-NMR). The authors observed an increase in molecular mobility of
the composites with increasing content of wood. Furthermore, they observed that water
caused interference in the packing and arrangement of cellulose polymer due to the inter/intra
interaction of the hydrogen molecule. Elsewhere, composites made from montmorillonite,
wood flour, and polyvinyl chloride, were investigated under TEM to observe the intercalation
and dispersion of the reinforcements (Zhao et al., 2006). The authors reported a
homogeneous and immiscible dispersion of montmorillonite under lower loading level (0.5
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wt%). However, upon an increase in the loading amount to 3 wt%, agglomeration of the
montmorillonite particles occurred. The technique of electron spin resonance (ESR)
spectroscopy was employed to gain insight into the behaviour of free radicals in the lignin/PP
composite films (Kosikova et al., 1993). The authors observed about 1-6 × 1015 spins/g in
the composite and the free radical content of the composite increased with increased amount
of lignin. The authors concluded that the interaction between the paramagnetic sites of the
lignin and PP has a radical character. The characterisation of biochar based composites would
explain the manifestation, dispersion of biochar particles along with any other compositional
or thermal changes it concedes.

The mechanical properties of the biochar based composites were determined by tensile and
flexural tests whereas the chemical properties were characterised by Fourier transform
infrared spectroscopy (FT-IR), X-ray diffraction (XRD), nuclear magnetic resonance (NMR)
spectroscopy, and Electron spin resonance (ESR) spectroscopy. The thermal characterisations
were done using thermogravimetry (TGA) along with microscopic analysis through an
optical microscope, scanning electron microscope (SEM), and transmission electron
microscope (TEM). The detailed information about the methodology is provided in Chapter
3.
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4.2.2 Results and discussion
4.2.2.1 Chemical characterisation
4.2.2.1.1 Biochar characterisation
The characterisation results of the biochar (made from pine saw dust) used in this chapter is
presented in Table 4.2. The properties of biochar such as ash content, carbon content, and
specific surface area could potentially play an important role in the resulting composite
development. Biochar with high ash content could make a composite have high modulus
(Peterson, 2013) whereas the amount of elemental carbon and the porous nature tend to
become the controlling factors while using biochar as a constituent in a composite. The
amount of carbon would determine the quality of the biochar, and it is expected that the pores
in the biochar surface would act as a platform aiding the adsorption of molten plastic thus
enabling a better bonding through mechanical interlocking. This mechanical interlocking is
similar to ‘Velcro effect’ which could potentially enhance the mechanical properties of the
resulting composites. In this chapter, a biochar made at 450 °C was chosen which was
produced at a medium range of heat treatment temperature. The ash content of the chosen
biochar (8.35 wt%) was much less compared to what has been reported earlier (Peterson,
2012). The biochar possessed a relatively high elemental carbon content of 71.2 wt%. The
surface area was measured to be 1.6 m2/g. Chapter 1 and 2 describe that the evolution of the
volatiles during pyrolysis causes the un-clogging of the pores which defines the surface area
of a biochar.
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Table 4.2. Biochar characterisation

Biochar

450 °C

Moisture Ash
C
H
N
S
O
SSA
(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (m2/g)
1.88

8.35

71.2

3.9

0.5

0.2

24.0

1.6

4.2.2.1.2 Fourier transform infrared spectroscopy (FT-IR)
In order to gain an insight on the chemical reactions that the blends underwent when they
were processed, FT-IR analysis was done. The changes in the functional groups reflected the
chemical modifications in the composite blends. Figure 4.1 shows the FT-IR spectra of the
wood, PP, MAPP, and the biochar made at 450 °C. The FT-IR spectrum of the pine wood
(Figure 4.1a) showed an –OH peak at about 3350 cm-1, esterified acetic acid peak at 1650cm1

, and lignin peaks between 1500 cm-1 and 1150 cm-1 (e.g. C–O) (Das, 2010). These peaks

were due to the vibration of CO bending and C=C stretching of aromatic rings showing
recalcitrant nature of lignin in the pine wood. In the biochar spectra (Figure 4.1b), the peak at
1050 cm-1 due to stretching of polysaccharides was absent. In addition, the –OH peak at 3350
cm-1 was missing in the spectra implying that the biochar had much lower moisture than that
of the wood. However, the peaks due to the vibration of CO bending and C=C stretching of
aromatic rings were still abundant in the biochar sample. Figure 4.1c shows the spectra of the
PP with distinct peaks at 2900 cm-1, 1400 cm-1, and 1350 cm-1. This is in agreement with the
previous research done on PP (Lee et al., 2010). The peaks at 1400 cm-1 and 1350 cm-1
represent symmetrical and asymmetrical CH3 bends whereas the peak at 2900 cm-1 is
attributed to asymmetrical CH2 bend (Wieslawa, 2012). From Figure 4.1d, which shows the
spectra of the MAPP, it may be concluded that there were no peak for –OH stretching. The
peaks at 2950 cm-1, 2850 cm-1, and 1450 cm-1 can be attributed to asymmetric, symmetric,
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and scissor types of CH stretching, respectively. The distinctive peak at 1700 cm -1 is
attributed to C=O carbonyl stretching (Zhou et al., 2013).

Figure 4.1. FT-IR Spectra of wood, PP, MAPP and biochar

From Figure 4.2, it is clear that the individual components had an additive effect on the final
chemical nature of the composites: a subdued –OH peak was present at about 3350 cm-1 with
lignin peak at 1500 cm-1 and wood at 1250 cm-1. Peaks at 2900 cm-1, 1400 cm-1 and 1350 cm1

were due to asymmetrical CH2 bend, symmetrical CH3 bend, and asymmetrical CH3 bend

respectively, contributed by the PP. The spectra of all the WPBCs look almost identical to the
spectra of the control (WPC). Similar to WPC, each individual component contributed to the
peaks in the spectra of WPBCs. As the amount of biochar was increased (and the amount of
PP reduced) in the composite blends, the volume fraction of wood also concurrently
increased. As a result, the C–O peak which was present at about 1150 cm-1 became more
prominent in the blends having a higher amount of biochar (e.g. WPBCs 24 and 30).
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Figure 4.2. FT-IR Spectra of composites

4.2.2.1.3 X-Ray diffraction (XRD)
Figure 4.3 indicates the XRD spectra of the individual components (wood, biochar, PP, and
MAPP) whereas Figure 4.4 shows the spectra for the control (WPC) and the WBPCs (6, 12,
18, 24, and 30 wt% biochars in them). Both the PP and the MAPP gave identical sharp
spectra, suggesting that peak shape is affected by the degree of crystallinity. Consequently,
the percentage of crystallinity was the highest in PP and MAPP (Table 4.3). Low angle base
line intensity peaks at ~15o and 21o for wood maybe be due to the presence of an early poor
crystalline structure of cellulose and some five carbon sugars. As expected, biochar was the
most amorphous amongst the constituents. However, the percentages of crystallinity for
wood (~35%) and the biochar (~33%) were somewhat similar to each other. There was no
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evidence of signals due to mineral phases in the pine wood biochar which is in agreement
with the findings of Srinivasan et al., (2015).

Figure 4.3. XRD of individual components
Table 4.3. Percentage crystallinity of individual components and composites
Samples
Wood
PP
MAPP
Biochar
WPC
WPBC 6
WPBC 12
WPBC 18
WPBC 24
WPBC 30

Crystalline %
35.2
73.4
73.1
33.3
67.8
61.9
61.4
60.5
54.7
51.4

Amorphous %
64.8
26.6
26.9
66.7
32.2
38.1
38.6
39.5
45.3
48.7

From Figure 4.4 it can be observed that the crystallinity of the composites (WPC and
WPBCs) were contributed mostly by the PP at ~14o, 16o, 18o, 21o, 22o, 25o, 29o, and 43o. In
all the WPBCs, the amounts of biochar in them were increased from 6-30 wt% whereas the
amount of PP was correspondingly reduced from 60-36 wt%. Due to the gradual rebate of the
crystalline component (PP) and the increment of the amorphous components (biochar and
wood), the intensity of the crystalline peaks reduced gradually from WPC to WPBC 30. This
reduction of crystalline intensities followed the order: WPC>WPBC 6>WPBC 12>WPBC
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18> WPBC 24>WPBC 30. The addition of amorphous biochar did not necessarily affect the
crystalline nature of the composites; however, its inclusion made the polymer to act as
smaller crystal particles causing the entire intensity to reduce. Similar reduction in peak
intensity was observed with inclusion of nanoclay in high density polyethylene (HDPE)
based composites and bamboo biochar in poly (lactic acid) (PLA) (Faruk and Matuana,
2008; Ho et al., 2015).

Figure 4.4. XRD of composites

4.2.2.1.4 Solid state nuclear magnetic resonance spectroscopy (SS-NMR)
Solid state nuclear magnetic resonance (SS-NMR) is a very useful and important technique
that provides valuable information about the structure and molecular dynamics of solid
composite materials (Rude, 2007). SS-NMR spectra of the individual components (biochar,
PP, MAPP, and wood) are shown in Figure 4.5. A typical 13C NMR spectrum of PP consisted
of peaks at ~21, 26, and 44 ppm which can be assigned to the methyl CH3, methine CH, and
methylene CH2 groups, respectively. The MAPP spectrum consisted of the corresponding
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peaks seen in the PP spectrum with an additional, low-intensity broad peak in the carbonyl
region at ~180 ppm. This peak was due to the presence of C1 and C4 carbons of the maleic
moieties (Rude, 2007). The NMR observability in this region is very limited due to a low
S/N ratio and it is not possible to clearly distinguish the anhydride and diacid forms. The
biochar spectrum was dominated by a broad peak centred at around 120 ppm which can be
attributed to aromatic carbons (McBeath et al., 2014; Srinivasan et al., 2015). Thus, the
NMR experiment confirms the predominant aromatic nature of the biochar used in this work.
However, the presence of free radicals (see ESR section) and other paramagnetic materials
can interfere with the NMR signal and consequently broaden peaks, sometimes beyond the
detection limits. This can affect the observability of certain resonances in spectra of biochars
and consequently influence the reliability of quantitative analysis (McBeath et al., 2014). For
the NMR spectrum of the pine wood, peak assignments were done based on previous studies
(Wright and Mathias, 1993). The peak at 147.4 ppm is attributed to the aromatic ring
carbons of the lignin whereas the small peak at 20.6 ppm was due to the acetyl CH3 group
from the hemicellulose fraction. C1 carbon of cellulose anhydrosugars was responsible for the
peak at 104.9 ppm. The peaks at 62.0 and 56.6 ppm were a result of the C6 carbon of the
cellulose whereas the peaks at 88.3 and 82.6 ppm were contributed by the C4 carbons of the
cellulose. The clusters of peaks from ~70 to 80 ppm can be assigned to the C2, C3, and C5
carbons of cellulose.
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Figure 4.5. NMR spectra of individual components

Figure 4.6 shows the SS-NMR spectra of all the biochar added composites (WPBC) along
with the control (WPC) sample which has 4 wt% of MAPP. The WPC spectrum consisted of
resonances seen in the individual spectra of the wood and PP. Due to the low S/N ratio, the
peak from maleic moieties cannot be detected. With an increase in biochar amount
incorporated in the samples, the proportion of PP in each blend was reduced and
corresponding peaks became less intensive and broad. This observation corroborates the
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XRD results (Figure 4.4) where the addition of biochar caused the crystalline intensity of the
entire composite to reduce. The other reason for the broadening and the steady reduction in
the peak intensities with rising amount of biochar were the increasing presence of free
radicals (see ESR section) (McBeath et al., 2014). The overall spectral features obtained in
SS-NMR spectra are in line with XRD and ESR data (explained subsequently) and confirm
the formation of WPBC composites and the effects of free radicals.

Figure 4.6. NMR spectra of composites
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4.2.2.1.5 Electron spin resonance spectroscopy (ESR)
The ESR spectra of all the composites and the biochar are presented in Figure 4.7. It can be
observed that each composite sample along with the biochar showed a singlet absorption
signal centred at ~g= 1.98. Furthermore, all the composite samples produced significant ESR
signal. In general, as the loading levels of biochar increased in the composites (WPBC 18, 24,
and 30), the peak intensities increased, and also the concentrations of free radicals. This
effect was the most prominent in WPBC 18, 24 and 30. It is known that the production of
biochar causes it to have persistent free radicals in it (Liao et al., 2014). The presence of
these free radicals and an aromatic structure (see NMR section) most likely caused the
composites with high amounts of biochar to have higher ESR signals. The type of free radical
is indicated by the g factor in the ESR signal, and it was observed that all the composite
samples had similar g factor of ~1.98. According to Liao et al., (2014), a g factor of less than
2 represents carbon centred radicals such as aromatic radicals. Thus, from the ESR of the
composites in the present study, it can be concluded that the addition of biochar contributed
towards the entire composite’s g factor to be ~1.98.

Figure 4.7. ESR spectra of composites
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4.2.2.2 Thermal characterisation
4.2.2.2.1 Thermogravimetric analysis (TGA)
Figure 4.8 shows the TGA curves of the individual constituents (namely, wood, PP, MAPP,
and biochar) and their composites as obtained from the thermogravimetric analysis (TGA). It
can be observed from Figure 4.8a, that the thermal degradation of wood started the earliest at
about 200 °C whereas the biochar was the most thermally stable. Biochar had minimum mass
loss starting at a temperature of about 435 °C. The neat PP started degrading at a temperature
of about 296 °C whereas the MAPP had the onset of degradation at about 305 °C. From the
mass loss curves of the composites (Figure 4.8b), it can be observed that the inclusion of
biochar had a positive effect on the amount of residues left after the completion of the
thermal reaction. The WPC containing no biochar, decomposed fully without leaving any
residues, whereas the WPBCs exhibited production of residues. The amount of residues
increased with the increase in the amount of biochar in each blend. The highest amount of
residues was observed in WPBC 30 (~26 wt%) whereas WPBC 6 had the lowest residues (1.3
wt%).

Figure 4.8. TGA curves of individual constituents (a) and composites (b)
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Table 4.4 also illustrates the TGA results for the individual constituents and their composites,
such as the onset of decomposition temperature (T5%) and the temperatures at the maximum
mass loss rates (Tmax1 and Tmax2 obtained from the derivatives of the mass loss curves). From
the data, it can be seen that the onset of thermal decomposition was delayed (compared to
WPC) as a result of biochar addition, which is a positive attribute. This effect was especially
more prominent in WPBC 18, 24, and 30. The decomposition of MAPP was the maximum at
about 430 °C, whereas the neat PP had its maximum decomposition at around 388 °C. Both
MAPP and PP had single decomposition maximum, unlike wood which had multiple
maxima. This is because wood is an amalgamation of biopolymers, such as hemicellulose,
cellulose, and lignin. These biopolymers degrade at different temperatures. The wood had a
decomposition maximum at about 333 °C due to the degradation of cellulose and finally
another maximum at about 453 °C due to the lignin degradation. However, the typical TGA
of wood has a hemicellulose shoulder at 330 °C whereas the degradation peak of cellulose is
at about 380 °C (Poletto et al., 2012). In the present study, the hemicellulose shoulder was
absent and also the decomposition maximum for cellulose had shifted to a lower temperature.
This behaviour can be attributed to the ageing of the wood (due to being landfilled), which
lowered the degree of polymerisation thus, allowing it to degrade easily at a lower
temperature. Moreover, the hemicellulose having a branched chemical structure might have
degraded under harsh environmental conditions. The results of TGA show that the extent of
decomposition followed the order: MAPP > neat PP > wood > biochar. On the other hand,
when the amount of residues is concerned, the trend is reversed. However, the MAPP and
neat PP produced similar amounts of residues. From the TGA results, it can be inferred that
the composites’ thermal degradation profiles somewhat followed an additive nature of the
thermal degradation profiles of its constituents. In all the composites, there was a
decomposition maximum at about 370 °C due to the degradation of cellulose in wood; and
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another maximum at about 420-450 °C due to the degradation of PP. Nonetheless, it is
interesting to note that the decomposition maxima of biochar added composites due to PP
degradation occurred at a higher temperature compared to that of the neat PP (and WPC
when compared to WPBC 18, 24, and 30). This can be attributed to the inclusion of thermally
stable biochar and the corresponding reduction of PP amount in the blends. It can also be
observed that the temperatures of decomposition maximum gradually increased as the
amount of biochar was raised in the blends. WPBC 30 had Tmax2 of 451 °C whereas WPBC
6’s Tmax2 was 423 °C. Therefore, the addition of biochar could be beneficial in imparting
thermal stability in composites.

Table 4.4. TGA results of individual constituents and their composites

Samples

T5%
(°C)

Tmax1
(°C)

Tmax2
(°C)

Biochar (PSD 450)

434.9

-

-

Wood

199.5

332.9

452.9

Neat PP

295.7

-

387.8

MAPP

304.8

-

429.1

WPC

262.0

378.1

422.6

WPBC 6

264.4

372.5

423.9

WPBC 12

267.8

368.4

420.5

WPBC 18

303.4

372.1

443.2

WPBC 24

308.4

369.7

445.0

WPBC 30

322.2

366.5

451.0
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4.2.2.3 Mechanical characterisation
Table 4.5 summarises the mechanical (tensile and flexural) properties of the WPC and other
WPBCs. It can be observed that the tensile strength of the control (WPC) was higher than the
other composites. These lower values of tensile strengths of WPBC 6, WPBC 12, and WPBC
18 can be attributed to the lack of suitable amount of biochar which could form mechanical
interlocking with the PP and the presence of voids (due to wood fibre pull-out), as evident in
optical microscopy images subsequently. However, it is interesting to note that the tensile
strength of WPBC 24 (~23 MPa) was similar to that of the WPC (~24 MPa). On the other
hand, the modulus value of WPBC 24 (3.59 GPa) was the highest even surpassing the value
for the control (WPC= 3.1 GPa), whereas, the moduli of other WPBCs were similar to that of
the WPC. Hence, in general, it may be said that mixing a wood/PP composite with around 24
wt% biochar holds and increases its strength and modulus, respectively. This observation can
be explained by the following postulation: in a conventional wood/PP composite, the wood
provides the reinforcement whereas the polymer provides the matrix. However, when 24 wt%
biochar was added, its relatively larger surface area (biochar= 1.6 m2/g and wood= 0.76
m2/g) due to its inherent porosity made the polymer create a mechanical interlocking by
flowing through the pores and thus, exhibiting enhanced mechanical properties. It is also
expected that the extent and quality of the mechanical interlocking would be greater if a high
surface area biochar is used as a composite constituent (as observed in subsequent chapters).

An overall improvement of flexural moduli of the biochar added composites was observed
with a maximum increase obtained in WPBC 24. Increase in biochar loading amount
enhanced the particle distribution and reduced the intra-particle distances in the PP matrix
consequently resisting deformation. Similarly to the value of tensile strength, WPBC 24 was
found to have the highest flexural strength among all the composites, in this case, including
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the control. WPBC 30 was found to have the least value for both tensile and flexural strength.
WPBC 30 had almost equal amounts of biochar and PP (30 wt% biochar and 36 wt% PP).
This low amount of PP had compromised the mechanical properties of the resulting
composite.

Table 4.5. Mechanical characterisation of composites

Samples

Tensile
Strength
(MPa)

Tensile
Modulus
(GPa)

Flexural
Strength
(MPa)

Flexural
Modulus
(GPa)

WPC

24.2 ± 1.0

3.1 ± 0.3

47.0 ± 4.3

2.3 ± 0.3

WPBC 6

21.9 ± 0.2

3.0 ± 0.3

41.7 ± 3.1

2.3 ± 0.2

WPBC 12

21.0 ± 0.7

2.8 ± 0.0

42.8 ± 2.9

2.6 ± 0.1

WPBC 18

20.9 ± 0.7

3.3 ± 0.3

44.9 ± 1.4

3.1 ± 0.0

WPBC 24

22.8 ± 0.7

3.5 ± 0.1

49.1 ± 2.9

3.4 ± 0.0

WPBC 30

18.8 ± 0.5

3.2 ± 0.1

38.8 ± 1.3

3.3 ± 0.1

4.2.2.4 Microscopic characterisation
4.2.2.4.1 Optical microscopy
The tensile fractured sites of the control (WPC) and the samples (WPBCs) were studied
under an optical microscope. Figure 4.9 shows the micrographs of the control (Figure 4.9a)
and the different samples (Figures 4.9b-4.9f). It is clear from the Figure 4.9a that the WPC
was densely packed and compact whereas some of the composites had voids. WPBC 6 had
the most prominent voids (Figure 4.9b) whereas WPBC 24 (Figure 4.9e) had the least number
of voids among the other composites. Some of these voids could be the result of wood fibre
pull-out due to inferior interfacial bonding. These voids existed in WPBC 6, WPBC 12 and
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WPBC 18 which had lower tensile strengths. WPBC 30, on the other hand, did not show
presence of voids but it had the worst mechanical properties than the other counterparts. This
low tensile and flexural strength of WPBC 30 are attributed to the paucity of PP and the
abundance of biochar.

Figure 4.9. Optical Microscopy of WPC (a), WPBC 6 (b), WPBC 12 (c), WPBC 18 (d),
WPBC 24 (e), and WPBC 30 (f)

4.2.2.4.2 Scanning electron microscopy (SEM)
Since the composite samples (WPC and WPBCs) were hot pressed, the orientations of the
constituents remained random as evident in the SEM images (Figure 4.10). It can be observed
that in WPBC 24 (Figure 4.10e), the pores of the biochar have aided the mechanical
interlocking with PP. This observation correlates to the better tensile/flexural strength and
modulus of WPBC 24 than those composites having different amount of biochars in them.
WPBC 30 had the highest amount of biochar and the least amount of PP in it. Due to the
prominence of the brittle biochar and obscurity of pliable PP, the resulting composite showed
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the presence of steep/rough edges under SEM (Figure 4.10f). This consequently made WPBC
30 to possess the lowest values of tensile and flexural strengths as the PP amount below the
critical level facilitated tensile and flexural failure. However, as the amount of biochar was
more, the WPBC 30 composite exhibited relatively high tensile and flexural moduli. The
topographies of WPBC 6, WPBC 12 and WPBC 18 (Figures 4.10b-4.10d) were found to be
similar in SEM micrographs. They all show presence of some voids.

Figure 4.10. SEM images of WPC (a), WPBC 6 (b), WPBC 12 (c), WPBC 18 (d), WPBC 24
(e), and WPBC 30 (f)

4.2.2.4.3 Transmission electron microscopy (TEM)
When composites are manufactured through twin-screw extruder, the constituents undergo
attrition and as a result they experience further size reduction (explained in Chapter 2).
Therefore, TEM was performed to examine the manifestation of biochar and wood in PP
matrix whose sizes were potentially reduced through attrition. The TEM micrographs of the
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composite samples are presented in Figure 4.11. The fibres of wood and particles of biochar
as observed in TEM are indicated in the images. Both the longer wood and shorter biochar
can be observed to be embedded in the PP matrix. It can be visualised that when the loading
amounts of biochar in the composites were lower (6, 12, and 18 wt%), the biochar particles
were immiscibly dispersed and were present in isolated spots on the polymer matrix. In
WPBC 6, the TEM image only showed wood fibres dispersed in the PP matrix and did not
reveal the presence of any biochar particles as the loading amount of 6 wt% was too low. On
the other hand, with a higher loading amount of biochar (24 and 30 wt%), the biochar
particles can be observed to be more prevalent (Zhao et al., 2006). The embedded nature of
the biochar particles was sometimes horizontal and other time vertical (random orientation)
which is a result of the manufacturing process of compression moulding.

Figure 4.11. TEM images of composites
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4.2.2.5 Correlation between different characterisation techniques
In the present chapter, several different characterisation techniques have been used to gain
insight, mainly, on the changes that are rendered by the inclusion of pyrolysis biochar in
wood/PP composites. In general, different techniques provide information about a specific
type of chemical/thermal/morphological effect occurring in the composites. However, two or
more techniques can sometimes reveal the same information, thus validating each other, and
this has been depicted in Figure 4.12. From the techniques used, the chapter presents the
following areas where a correlation was found:


Analysis of composites with XRD and NMR exhibited a gradual reduction in the peak
intensity for PP with increasing loading levels of biochar in composites.



Both NMR and ESR indicated the presence of aromatic carbon in WPBCs: broadening
at ~120 ppm (NMR) and g factor less than 2 (ESR).

Figure 4.12. Correlation between different characterisation techniques
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4.3

Summary

The study in this chapter attempted to address the issue of waste utilisation by adopting a
sustainable approach through biochar (a value-added organic waste) addition in polymeric
composites. PP based biocomposites were manufactured through established manufacturing
processes of compounding and compression moulding using five loading amounts of biochar
(6, 12, 18, 24, and 30 wt%). The chemical, thermal, mechanical, and morphological effects of
biochar addition in wood/PP composites were investigated using an array of characterisation
techniques. A loading amount of 24 wt% was found to be most suitable for enhanced
mechanical properties which were brought about by the mechanical interlocking of PP with
biochar pores. Hence, future manufacturing of composites in this research project employed a
loading amount of 24 wt% of biochar. Additionally, the inclusion of biochar enhanced the
production of residues in TGA which could point to biochar’s beneficial role in imparting
thermal stability in polymeric composites. Moreover, the biochar did not disrupt the crystal
structure of the tested PP; however, the addition of higher amounts of biochar introduced free
radicals in composites.
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5 Chapter 5: Nanoindentation assisted analysis of
biochar added biocomposites
This chapter has been extracted from the following manuscript:


Das, O., Sarmah, A.K., Bhattacharyya, D., 2016. Nanoindentation assisted analysis of
biochar added biocomposites. Composites Part B: Engineering. 91: 219-227.

5.1

Introduction

Chapter 1 and 2 introduced that biochar is a carbon rich by-product which is produced when
biomass (e.g., agricultural crop residues, wood, sludge, etc.) is heated through the process of
pyrolysis in an oxygen depleted environment. In recent times, biochar has been extensively
investigated for its beneficial role in soil amendment; contaminant removal; carbon
sequestration; filtration, etc. (Srinivasan et al., 2015). The current trend in biochar research
has thus limited its use only as an “agricultural product” and its mechanical properties have
so far received little attention from the scientific community. This has reduced the versatility
of biochar and has caused hindrances in the exploration of other avenues where biochar can
also be potentially helpful. On the other hand, the cellular microstructure of wood confers
high strength and stiffness due to its honeycomb structure (Gibson et al., 1995).
Furthermore, cellulose microfibril angle provides wood with the required stiffness and
extensibility (Keckes et al., 2003; Lichtenegger et al., 1999). The wood, when converted
into biochar, would retain the above mentioned features as most of the orientation and
nanocomposite properties remain invariable following the thermo-chemical conversion
(Winsley, 2007; Zickler et al., 2006). Consequently, products could be developed from
wood derived biochar which is likely to possess superior mechanical properties. An array of
materials including activated carbon filters, carbide/oxide ceramics, bone replacements,
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wood/polymer composites could use biochar as a template or reinforcement (Zickler et al.,
2006). Therefore, it is imperative to investigate the mechanical properties of biochar to
enable it for inclusion as a component of fabrication in innovative products.

From Chapter 2 it is evident that wood is widely used in composites due to its light weight,
comparable mechanical properties, and low cost. Additionally, wood can be used with a
variety of thermoplastics such as polypropylene, polystyrene, poly (vinyl chloride), high/low
density polyethylene, etc. to make composites (Saheb and Jog, 1999). Most ‘green’
composites are made of wood sourced from wastes in sawmill, furniture, packaging, and
construction industries (Netravali and Chabba, 2003). In spite of the rapid incorporation of
renewable materials in composites, waste derived biochar is yet to be considered as a valueadded and low cost constituent. From Chapter 4, the addition of biochar has been found to
enhance certain mechanical properties of composites. Loading levels of 24 wt% seemed to
favour the tensile and flexural strength/moduli properties. The utilisation of biochar in
composites allows a two-fold advantage as it not only improves the composite’s properties
but also help facilitate waste utilisation and reduction of synthetic polymer content in the
products.

The individual constituents of a composite undergo physical, mechanical, and chemical
changes when they are thermally consolidated (Hardiman et al., 2015). Additionally, during
processing, the coupling agents reacting with molten polymer alter the mechanical properties
of the constituents. These changes are often more prevalent around the interfacial areas while
also being found in isolated spots within the matrix (Gregory and Spearing, 2005). Thus,
there is a need to investigate the mechanical properties of the individual particles before and
after they are integrated in polymer based composites. The interfacial region, which extends
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over only a few nanometers and/or microns, acts as the main domain where the bulk
properties of the polymer and the reinforcing materials shift between each other. An insight
into the properties of an interfacial region would allow effective engineering that would in
turn improve the strength/stiffness of the entire composite and optimising the design
conditions (Lee et al., 2007). On the other hand, macrolevel analysis of composites is
conducted by various standardised macroscopic tests (e.g. tension, bending, and dynamic
tests). These conventional tests provide comprehensive material characteristics of the
composites. However, keeping the sustainability perspective in mind, the precursor of most
biochar is organic wastes which consist of irregularly shaped particles. Owing to the small
nature of biochar particles, measuring its strength and stiffness in conventional ways is not
possible.

For polymer manufacturing process like compression moulding, injection moulding, etc.,
there are many theoretical models, some of which are summarised in Table 5.1. The
theoretical models such as rule of mixtures, Halpin-Tsai-Nielsen, Guth, Verbeek, etc., have
been used in the past to predict hardness and moduli of the particle/fibre reinforced polymer
composites (Yan et al., 2006). However, to effectively estimate the properties of composites,
values of the parameters associated with a model must be obtained carefully as the model
output is dependent on the input parameter values. Parameters of importance include
maximum packing fraction (Φm), obtained from the condition of particle distribution; aspect
ratio of particles (α) determined experimentally; and Einstein coefficient (KE) calculated from
Poisson’s ratio of the matrix.
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Table 5.1. Some mathematical models used in the study
Name
Halpin–Tsai–Nielsen

Models
7−5𝑣𝑖
𝐸𝑐 = 1−𝐵𝛹𝑓 𝐸𝑝 ; 𝐴 = 8−10𝑣𝑖
1+𝐴𝐵𝑓

𝐸𝑚
−1
𝐸𝑝
𝐸𝑚
+𝐴
𝐸𝑝

𝐵=

Verbeek

; 𝛹 = 1+

1−𝛷𝑚
𝛷𝑚 2

𝑓

𝐸𝑐 = 𝑓 × 𝐸𝑚 × 𝑀𝑅𝐹 + 𝑓𝑝 × 𝐸𝑝
2

𝛷=

𝛹 = 𝛼√

(1−𝑓𝑝 ) 𝛷𝑚
1−𝑓𝑝 𝛷𝑚

𝛷
(1−𝛷)+𝛷
𝑝

;𝜒=𝑓

(1−𝜒)3 𝐺𝑝

𝑓

𝐸𝑚

1−𝑓

; 𝑀𝑅𝐹 = 1 −

tanh 𝛹
𝛹

Nomenclatures: Ec= predicted modulus of composite; Ep= modulus of PP; Em= moduli of
particles; vi= Poisson’s ratio of PP; f= volume fraction of particles; Φm= maximum packing
fraction; fp= volume fraction of PP; α= particle aspect ratio; Gp= shear modulus of PP.

In the light of the aforementioned investigative necessities, there remains some hindrances in
execution: a) determination of in-situ mechanical properties of individual constituent particles
through conventional methods is challenging due to their small sizes (Hardiman et al.,
2015), and b) the area of the interfacial region encompassing the particle and the matrix is of
nano/micrometer scale (Babu and Kang, 2010). Nanoindentation is a technique using which
the hardness and moduli values of extremely small regions can be determined, the details of
which are available in Chapter 2. The principle of nanoindentation is similar to other microhardness testers (e.g. Vickers) with the only difference being the much smaller nature of its
probe and the load (Lee et al., 2007). Furthermore, nanoindentation can directly characterise
small individual particles (in this case biochar) without isolating them chemically and
mechanically from a monolithic skeleton (Wu et al., 2010). Although some studies have been
conducted to determine the micro-mechanical properties of wood/polymer composite
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interfaces and individual fibres (Bourmaud and Baley, 2009; Hardiman et al., 2015; Lee et
al., 2007; Wu et al., 2010) as well as mechanical properties of carbonised wood (Byrne and
Nagle, 1997; Kumar et al., 1999; Zickler et al., 2006), information regarding biochar based
composites is lacking in the public domain. This study attempts to bridge this knowledge gap
by performing nanoindentation analysis on biochar added composites. The calculation of bulk
mechanical properties of composites using nanoindentation would lessen the number of
large-scale experiments while simultaneously reducing costs and producing more predictable
composites. It may be possible to engineer and optimise the overall mechanical
characteristics of a composite by understanding the relationship between micro-mechanical
properties and macroscale mechanical performance.

The aim of this chapter is to determine the mechanical properties of small individual particles
of biochar, wood, with neat polypropylene (PP) using nanoindentation. The near interfacial
regions of the composites made from different proportions of these components (the detailed
manufacturing methods and their properties are provided in Chapter 4) were also
investigated. The acronyms for the composites used in this chapter are presented in Table 4.1
in Chapter 4. Finally, using the nanoindentation properties of individual particles, different
theoretical models were applied to predict the bulk properties of the composites with
subsequent comparisons with experimental values (which were obtained in Chapter 4).
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5.2

Results and discussion

5.2.1 Nanoindentation of individual components
5.2.1.1 Optical microscopy, surface topographies, and indentation regions
Figure 5.1 shows the optical microscopy images of the samples embedded in resin. The
fibrous nature of the wood and the flake like particles of polypropylene were observed
clearly. The biochar appeared white in the bright field image due to their dark carbonaceous
nature which prevented light transmission. The biochar had visibly more pores than the wood
as pyrolysis process removed volatiles from the clogged pores of the wood. Prior to pyrolysis,
the wood’s specific surface area (BET) was 0.55 m2/g and after pyrolysis the specific surface
area increased to 1.6 m2/g (details available in Chapter 4). Figure 5.2 shows the surface
topographies and nanoindentation regions of individual components. The topography of the
biochar looked similar to its precursor, i.e. wood. However, the topography of the
polypropylene looked different with its granulated surface. Nanoindentation was performed
on many different particles of each of the individual components. However, in Figure 5.2
only one such region is depicted for each samples of wood, PP, and biochar. During
indentation, the undulating regions in each sample were avoided. The tip was indented on a
flat surface to aid better loading and unloading operation.

Figure 5.1. Optical microscopy images of individual components
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Figure 5.2. Surface topographies and nanoindentation regions of individual components

5.2.1.2 Hardness and modulus of individual components
Figure 5.3 indicates the load vs. displacement curves of the individual components obtained
from nanoindentation whereas Figure 5.4 presents the average hardness and moduli values of
PP, wood, and biochar. Each sample was subjected to numerous indentations providing many
load vs. displacement curves, however, only one selected curve for each sample was used in
this chapter to compare the hardness with each other. The hardness and modulus values were
calculated from each of the graphs and the average of those values are presented in Figure
5.4. As it can be seen, the confidence intervals for each sample were small, which proves that
the graphs were consistent and the results are reproducible. It can be observed that the slope
of the unloading curve was different for PP, wood, and biochar. The maximum displacements
of the materials followed an order: PP > wood > biochar. In the case of PP, the indenter tip
almost reached the maximum indentation depth of 2000 nm, whereas in the case of biochar,
the maximum depth reached by the indenter tip was less than 1500 nm. The curves of PP
exhibited a near plastic behaviour, as there was still approximately 1000 nm displacement left
after the load was removed from the sample. The indentation response on biochar was less
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plastic and more elastic when compared to the indentation behaviour of wood, most likely
due to the presence of C–C covalent bonds. FT-IR (Figure 5.5) and NMR spectra (Chapter 4)
revealed the presence of aromatic carbon in the biochar. Thus, a higher prevalence of crosslinking between the adjacent carbon molecules led to the elastic indentation behaviour of
biochar (Zickler et al., 2006). The average hardness and moduli values of PP, wood, and
biochar are presented in Figure 5.4. Significant differences in their mean values were found
from ANOVA analysis (see Appendix A). It can be observed that the hardness of each
sample followed an order: biochar > wood > PP. The low hardness of PP (0.1 GPa) was
expected due to its malleable nature. The pyrolysis of wood (hardness= 0.3 GPa) caused loss
of functional groups (e.g. –OH groups; C–O and; –CH aliphatic stretching) due to
aromatisation and an increase in elemental carbon (71.2 wt%) (As evident from Chapter 4),
accounting for the higher hardness of biochar (0.43 GPa). PP had the lowest modulus (1.5
GPa) whereas wood and biochar showed similar moduli of 5.6 and ~5 GPa, respectively. The
hardness value for biochar was similar to the hardness values obtained in an earlier study
(Zickler et al., 2006) though the feedstock used by those authors was spruce wood. In the
present study, the biochar was pyrolysed at a temperature of 450 °C which can be responsible
for degradation of biopolymers, specifically cellulose which provide stiffness in wood.
Furthermore, the particle density for wood was calculated to be 1.435 g/cm3 and for biochar,
it was 1.235 g/cm3. The degradation of cellulose and a decrease in density together may have
contributed to the biochar having a slightly lower modulus than the wood (Zickler et al.,
2006).
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Figure 5.3. Load vs. displacement curves of individual components

Figure 5.4. Hardness and modulus values of individual components
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Figure 5.5. FT-IR spectra of wood and biochar

5.2.2 Nanoindentation of composite samples
5.2.2.1 Optical microscopy, surface topographies, and indentation regions
The optical microscopy images of the composite samples are illustrated in Figure 5.6. All the
composite samples were made by adding increasing amount (0, 6, 12, 18, 24, and 30 wt %) of
biochar. The control sample (WPC) had no biochar added to it, and hence, the image only
shows wood particles in the matrix. However, it can be clearly observed, as the amount of
biochar was raised in the composite blends, the number of biochar particles (seen as irregular
white spots in the images) in the matrix became increasingly abundant. WPBC 6 had areas of
polymeric matrix which were free of biochar particles but in WPBC 30, almost all the
polymeric region was distributed by biochar particles, consequently reducing the intraparticle distance. The composites were manufactured in a twin screw extruder and the
presence of smaller particles of biochar can be explained by the attrition of brittle biochar that
caused it to break into miniature sizes.
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Figure 5.6. Optical microscopy images of composite samples

Figure 5.7 shows the selected surface topographies of the composites. The indentation was
performed encompassing an area which showed presence of all the three components: PP,
wood and biochar. This was done to get information about the mechanical properties around
the interfacial region and the particles surrounding it. In the images, the presence of wood
particles, which are somewhat longer than biochar (wood aspect ratio= 3 and biochar aspect
ratio=1.5), can be identified by long impressions on the matrix. The biochar existed as short
pieces scattered near wood and the PP matrix. Prior identification of wood and biochar
particles along with their dispersion in the matrix is important as the nanoindentation was
performed around these regions which are the interfacial areas between the particles and the
matrix. On each near interfacial area, several indents were done and the values for hardness
and modulus (mean) were recorded accordingly.
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Figure 5.7. Surface topographies of composite samples
5.2.2.2 Hardness and moduli of composites near interfaces
The hardness and moduli values were calculated near interfacial areas of all the composites
by indenting on several regions in each sample. In this chapter, only one selected area is
presented and discussed, as values had minimal variance from area to area. For example,
Figure 5.8 shows the near interfacial areas of all the composites where indentations were
conducted. Table 5.2 indicates the hardness and moduli values of the near interfacial areas of
each composite obtained from nanoindentation. Since there are two constituents (except for
the control) in the composites, the mechanical properties of the areas near the interfaces are
highly influenced by the individual mechanical properties of the wood and the biochar
particles. Consequently, the values for hardness and modulus depicted in Table 5.2 are either
contributed by biochar or wood or PP. It is interesting to note that, in general, when the PP is
incorporated in wood and biochar composites, the hardness and modulus of the matrix
increased from its initial neat value. The observed increase in hardness/modulus of the matrix
in the composite can be attributed to the reinforcing effect of the wood and biochar, with both
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having a higher hardness/modulus than neat PP (Figure 5.4). Similarly, the hardness of the
biochar integrated with composites seemed to increase when compared to its individual
particulate form. The relatively high porosity of biochar allowed molten polymer to infiltrate
the pores during processing ensuring a mechanical interlocking (Figure 5.9) which could
potentially improve the integrity of the biochar resulting in a higher hardness. However, the
hardness value depends on the extent of biochar pore infiltration by PP. It is postulated that
the higher surface area of biochar (due to pores= 1.6m2/g, Chapter 4), compared to wood,
provides more contact sites with the polymer matrix (gets embedded) consequently
enhancing the wettability by the matrix (DeVallance et al., 2015). From Table 5.2, the
contribution of wood and biochar can be identified by the value of the hardness recorded. In
addition, a visual correlation can also be made from Figure 5.8. In WPC, the hardness of
point 3 was due to the presence of wood and rest all were due to indents on the PP matrix. In
WPBC 6, the higher hardness values of 0.63 and 0.98 GPa from points 2 and 3 were clearly
due to the presence of biochar which had its pores filled with PP. In WPBC 12, the wood
contributed to the hardness value of 0.36 GPa in point 0 whereas in point 1 the hardness was
a result of biochar inclusion (0.71 GPa). The rest of the points were polymer indents. Biochar
contributed to two indents in WPBC 18 and WPBC 24 on points 0 and 3 and on points 0 and
2, respectively. Point 3 in both WPBC 24 and 30 corresponded to the indentation on a wood
particle. The biochar particles which were responsible for higher hardness values near the
interfaces can be observed in Figure 5.8. Generally, a high hardness value corresponded to a
higher modulus. However, in some cases, a lower hardness value still corresponded to a
higher modulus implying that near the interfacial areas of a composite, the properties of
hardness and modulus were probably controlled by different factors (lower hardness of wood
compared to biochar but higher modulus) which can be independent of each other (Figure
5.4).
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Figure 5.8. Nanoindentation areas near interfaces of composite samples
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Table 5.2. Nanoindentation hardness (H) and modulus (Es) of near interfacial areas of composites

Indentation
points
Point 0
Point 1
Point 2
Point 3
Point 4

WPC
Control

WPBC
6

WPBC
12

WPBC
18

WPBC
24

WPBC
30

H
(GPa)

Es
(GPa)

H
(GPa)

Es
(GPa)

H
(GPa)

Es
(GPa)

H
(GPa)

Es
(GPa)

H
(GPa)

Es
(GPa)

H
(GPa)

Es
(GPa)

0.22
0.24
0.15
0.34
0.19

5.2
5.4
3.9
7.3
4.5

0.15
0.20
0.63
0.98
0.20

3.1
3.8
4.3
6.5
3.2

0.36
0.71
0.25
0.21
0.20

3.3
4.9
3.4
3.9
3.6

0.93
0.21
0.23
0.46
0.24

6.6
3.5
3.9
3.8
5.4

0.92
0.39
0.91
0.35
0.23

5.5
4.4
5.1
5.8
4.1

0.75
0.43
0.43
0.30
0.28

5.1
4.2
4.0
7.2
6.0

Figure 5.9. SEM images of wood, biochar, and pore infiltration
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5.2.3 Prediction of bulk properties of composites
The central idea behind the investigation was to understand the role of individual
nanoindentation properties of biochar/wood particles and PP on the bulk mechanical
properties of the resulting composites. Composites were designed according to what is
explained in Chapter 4. Based on densities of wood, biochar, and PP (wood= 1.435 g/cm3;
biochar=1.235 g/cm3; polypropylene= 0.9 g/cm3), their volume fractions were calculated in
each composite blend (Table 5.3). Following this, the rule of mixture, Halpin-Tsai-Nielsen,
and Verbeek models were applied to calculate the overall hardness and modulus of
composites having 0, 6, 12, 18, 24, and 30 wt% biochar.

Table 5.3. Volume fractions of biochar, wood, and polypropylene in each composite sample
Samples
fb
fw
fp
WPC
0.221
0.778
WPBC 6
0.052
0.226
0.721
WPBC 12
0.107
0.230
0.662
WPBC 18
0.164
0.235
0.600
WPBC 24
0.223
0.240
0.536
WPBC 30
0.285
0.245
0.469
fb= Volume fraction of biochar; fw= Volume fraction of wood; fp= Volume fraction of
polypropylene

Initially, average values for the hardness/modulus of the composites were calculated from the
mean of individual values for each sample obtained from nanoindentation (Table 5.4).
However, accurate quantitative determination of mechanical properties (near interfacial
regions) using nanoindentation is difficult due to the possible constraining effect provided by
the surrounding particles (Hardiman et al., 2015). Due to the nanoscale size of the
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nanoindenter tip, the values were localised with respect to the neighbouring particles without
registering the synergistic effect of the individual components.

Table 5.4. Hardness and modulus of composites obtained from mean of nanoindentation
values
Samples
WPC
WPBC 6
WPBC 12
WPBC 18
WPBC 24
WPBC 30
Neat PP

H (GPa)
(Nanoindentation)
0.315
0.368
0.385
0.395
0.418
0.430
-

Es (GPa)
(Nanoindentation)
6.597
6.907
5.083
5.891
4.962
6.059
-

To counter this problem, Vickers hardness testing was done on all the composite samples
(both in the polymer-rich region and on interfacial regions), and results are summarised in
Table 5.5. The Vickers test provided a true representation of the composite’s hardness.
Expectedly, with an increase in the amount of biochar in composite blends, the Vickers
hardness steadily increased both in polymer rich and interfacial regions (Table 5.5). It is to be
kept in mind that the rise in Vickers hardness was not always statistically significant as in the
case of a) WPC and WPBC 6; b) WPBC 12 and WPBC 18; c) WPBC 24 and WPBC 30 (See
Appendix A). This rise in hardness could be attributed to the abundance of biochar having a
high individual hardness (0.43 GPa) which resists plastic deformation and obscurity of neat
PP having a low individual hardness (0.1 GPa). Increase in biochar loading level enhanced
particle distribution and reduced intra-particle distances in the matrix consequently resisting
indentation. It is observed that the average hardness of the interfacial regions was higher than
polymer-rich region showing that the effect of the particle addition was more pronounced in
the domains of their interaction with the surrounding matrix. Nevertheless, the hardness in
the polymer-rich regions was still higher than the hardness of neat PP (Table 5.5). Table 5.5
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also lists the bulk tensile and flexural moduli of all the composite samples. It can be observed
that, in general, the addition of biochar enhanced the moduli up to 24 wt % loading. The
stress transfer between the PP and the biochar was enhanced due to higher surface area of
biochar which consequently, decreased the mobility of PP. However, there was a slight
reduction in the modulus at the maximum loading amount of 30 wt % due to the PP amount
falling below the critical level.

Table 5.5. Moduli and hardness of composite samples obtained from tension, bending, and
Vickers test

Samples

Flexural
Modulus
(GPa)

Tensile
modulus
(GPa)

WPC
2.3 ± 0.3
3.1 ± 0.3
WPBC 6
2.3 ± 0.2
3.0 ± 0.3
WPBC 12
2.6 ± 0.1
2.8 ± 0.0
WPBC 18
3.1± 0.0
3.3 ± 0.3
WPBC 24
3.4 ± 0.0
3.5 ± 0.1
WPBC 30
3.3 ± 0.1
3.2 ± 0.1
Neat PP
1.6 ± 0.0
1.5 ± 0.0
Insignificant difference between: a and b;

H (GPa)
H (GPa)
(Vickers(VickersPolymer rich
Interfacial
region)
region)
0.107
0.141a
0.108
0.160b
0.126
0.195c
0.140
0.202d
0.170
0.243e
0.231
0.250f
0.06
c and d; e and f (Please see ANOVA in

Appendix A)

Since, models of Halpin-Tsai-Nielsen and Verbeek were not originally designed to predict
hardness; the rule of mixtures was employed for this purpose. It can be observed from Figure
5.10a, that the Vickers hardness values correlated very well with the calculated values. Table
5.6 depicts the correlation coefficients (r) obtained as a result of the employment of the
prediction models. It can be observed that rule of mixtures had a correlation coefficient (r) of
0.983 with experimental Vickers hardness values. Thus, prediction of experimental hardness
through the rule of mixtures provided an almost perfect positive correlation. It is clear that the
hardness was increasing with increased amounts of biochar (Figure 5.10a). Similarly, from
158

Figure 5.10b-5.10d, it is evident that both tensile and flexural modulus values also had a
reasonably good agreement with the experimental results. The closest prediction was
observed using the rule of mixtures followed by Halpin-Tsai-Nielsen, and Verbeek model.
Contrary to the findings of Yan et al., (2006), in this case, the Verbeek model over predicted
the modulus, although not to a great extent. It is to be noted that the aspect ratios of the
particles play a major role in the successful application of the Verbeek model. The slight
disparity observed between experimental and predicted values could be attributed to the
aspect ratios of wood (α=3) and biochar (α=1.5) whose values might not have been suitable
for the effective application of Verbeek model. If the aspect ratio of wood was smaller than 3,
then very likely, the predicted values would have been more in accord with the experimental
moduli values. Furthermore, from Table 5.6, it is evident that all the prediction models
yielded positive association with the experimental results. A very linear and positive
correlation (r= ~0.94) was observed between the prediction models (rule of mixtures, HalpinTsai-Nielsen, and Verbeek model) and experimental flexural moduli values, whereas a
moderately positive correlation (r= ~0.6) was seen in the case of tensile moduli values.
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Figure 5.10. Graph of predicted (Pdt) vs experimental (Exp) values: ROM= Rule of Mixtures;
HTN= Halpin-Tsai-Nielsen

Table 5.6. Correlation analysis result of predictions

ROM
ROM
hardness
modulus
Experimental Results
(Predicted)
(Predicted)
(Corr. Coeff. (Corr. Coeff.
r*)
r)
Vickers hardness
0.983
N.A.
Flexural Modulus
N.A.**
0.949
Tensile Modulus
N.A.
0.57
*= Correlation Coefficient r; **= Not Applicable
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Halpin-TsaiNielsen
(Predicted)
(Corr. Coeff.
r)
N.A.
0.944
0.568

Verbeek
(Predicted)
(Corr.
Coeff. r)
N.A.
0.948
0.571

The minor discrepancy of the experimental results from the predicted values can be attributed
to the clustering of particles (wood and biochar) as a result of uneven distribution during the
compression moulding process (see scanning electron micrographs in Chapter 4). According
to Dong and Bhattacharyya, (2010), particle inclusion and particle/interface areas may
experience higher axial stresses than those around the PP matrix through the transfer of
interfacial shear stresses. A flaw with the theoretical models is the lack of inclusion of this
clustering phenomenon and this is believed to be the cause of slight deviations in the
predictions. The application of Halpin-Tsai-Nielsen model was based on the presumption of
an ideal scenario, with uniformly distributed particles, where the maximum packing fraction
(Φm) was assumed to be 0.60 (Scott, 1960) and the Einstein coefficient (KE) was 2.25.
However, for particulate composites, Yan et al., (2006) reported the real values of Φm to be
lower and KE to be higher owing to particle agglomeration. In this study as well, the wood
and biochar particles may not be closely packed, a scenario that could lead to increased
values of the predicted moduli and bring them closer to the experimental values.

From the above discussions, it can be concluded that nanoindentation of individual
components can be used to predict the overall bulk hardness/moduli of their resulting
composites. Nanoindentation in near interfacial areas on composite does not provide accurate
bulk hardness/modulus values due to the nanoindenter tip's inability to cover large surface
areas and hence, Vickers test was done to address this issue. However, useful information
was obtained by examining the changes in nanoindentation properties of individual particles
when they were incorporated in a composite. It is proposed that measurement of
hardness/modulus values in interfacial regions using nanoindentation can become a
challenging focus of future research. As the technique of nanoindentation continues to
develop, a more precise characterisation process could allow shallow indentations in
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conjunction with finite element models to provide a true representation of the interfacial
properties (Hardiman et al., 2015).

5.3

Summary

This chapter was aimed at prediction of the bulk mechanical properties of biochar added
wood/PP composites using the technique of nanoindentation. For this purpose,
nanoindentation was done on small biochar and wood particles along with the neat PP. The
obtained nanoindentation values for hardness and moduli were used in conjunction with
theoretical models (i.e. rule of mixtures, Halpin-Tsai-Nielsen and Verbeek) to compare the
predicted and experimental results. A reasonably good agreement was found between the
experimental and predicted hardness and modulus values. All predictions provided positive
correlation coefficients (r). In particular, hardness and flexural modulus predictions yielded
almost perfect positive ‘r’ and tensile modulus prediction showed a reasonably positive ‘r’.
Hence, nanoindentation of individual constituents can be used to predict the overall bulk
properties of the resulting composites. Furthermore, biochar was observed to exhibit higher
hardness (0.43 GPa) than wood (0.3 GPa) and the tested polypropylene (0.1 GPa). It was also
detected that the nanoindentation hardness and modulus of neat PP (or PP matrix) were
enhanced once incorporated with biochar and wood. Finally, it was observed that the
combination of biochar impregnated with PP could potentially result in a higher hardness
than the biochar by itself.
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6 Chapter 6: Effects of biochar types on the
properties of wood/polypropylene composites
This chapter has been extracted from the following manuscripts:


Das, O., Sarmah, A.K., Bhattacharyya, D., 2015. Structure-mechanics property
relationship of waste derived biochars. Science of the Total Environment. 538: 611620.



Das, O., Sarmah, A.K., Bhattacharyya, D., 2016. Biocomposites from waste derived
biochars: Mechanical, thermal, chemical, and morphological properties. Waste
Management Journal. 49: 560-570.

6.1

Introduction

Carbonaceous materials, due to their inert nature and chemical/thermal stability, have
enormous potential to be used in a variety of applications relating to environmental,
construction, thermal, and electrical areas. However, most of these materials (e.g. artificial
and pyrolytic graphite, carbon nanotubes, carbon foam, etc.) are either of synthetic origin or
requires lengthy manufacturing (Wang et al., 2012). On the other hand, the increased
environmental awareness and dwindling resources in conjunction with regulation based
impetus enforced by governments/regional councils of different countries, have led to the
research and development of products and processes that employ effective waste utilisation.
Thus, it is imperative to adopt a strategy which combines elements from waste (e.g. forestry,
municipal, agricultural wastes, etc.) utilisation and the creation of value-added carbon-based
materials (Hu et al., 2008). This strategy would also promote environmental and social
sustainability by preventing pollution, salvaging energy, and safeguarding natural resources
(Boyle, 2000).
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The organic wastes can be effectively converted into a renewable material called biochar by
thermo-chemically treating (in an oxygen depleted environment) the feedstock at high
temperatures through the process of pyrolysis (Srinivasan et al., 2015). However, almost all
the academic cognizance towards the physical and chemical properties of biochar has been
aimed at the applications relating to agriculture and environment, wherein, its mechanical
properties have so far been overlooked. At present, the individual mechanical properties of
waste based biochar particles and their related underlying mechanisms remain obscure. This
knowledge gap needs to be abridged to impart waste based biochar with the versatility that
would allow it to be beneficially used in fabrication/manufacturing aspects as well. Biochar
can potentially be used as a reinforcement to manufacture a variety of structural materials
which include composites of carbon, ceramic and polymer, activated carbon filters, artificial
bone replacements, and more recently wood/polymer biocomposites (Chapters 4 and 5;
Zickler et al., 2006). The mechanical aspects of biochar would play an important role when
fabrication of the aforementioned materials is concerned. Therefore, it is imperative to gain
an insight into the mechanical properties of waste based biochar and identify some of the
underlying mechanisms that control these specific properties.

Only a few studies have been carried out to determine the mechanical properties of pyrolysis
biochar (Bryne and Nagle, 1997; Kumar et al., 1999; Zickler et al., 2006). For example,
Zickler et al. (2006) investigated the changes in mechanical properties of pyrolysed wood
with respect to temperature. They found that both hardness and reduced moduli of pyrolysed
wood increased continuously up to 700 °C after which their values became constant and
finally dropped beyond 2000 °C. Bryne and Nagle, (1997) investigated the mechanical
properties of monolithic carbonized wood and found that biochar had a strength which was
28% higher than that of the virgin wood, whereas the stiffness was reduced by 37%.
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Elsewhere Kumar et al. (1999) studied how the mechanical properties of biochars (made
from Acacia and Eucalyptus wood) changed as a function of pyrolysis conditions (reaction
temperature and heating rate). The impact and crushing strengths of both the biochars
decreased up to a pyrolysis temperature of 600 °C; however, they increased above 600 °C.
They also concluded that slow pyrolysis was a preferred method for producing biochars with
higher crushing strengths. Despite all these studies, there are many unexplored avenues
regarding the mechanical properties of waste based biochar which are explained as follows.
Biomass undergoes an array of fragmentation and depolymerisation reactions during
pyrolysis and consequently produces a number of chemical degradation products (Das,
2010). These thermo-chemical reactions might have a profound effect on the resulting
mechanical properties of the biochar. To date, there is a dearth of information on the effects
of pyrolysis production methods and chemical/thermal properties of biochar on its
mechanical properties. Furthermore, the investigations conducted in the past focused on the
determination of mechanical properties of biochar (made from wood) in a monolithic or bulk
form. However, keeping the waste management and bioresource utilisation in mind, most
biochar precursor is either landfilled wood or manure/sewage-derived biomass. These
feedstocks lack the structural integrity of a block of wood. As a result, waste based
bioresources/biomasses are found in the form of irregularly shaped chips, bedding materials,
and sludge. Therefore, when converted into biochar, they cannot be tested for their
mechanical properties by conventional methods due to their small particle size. This warrants
the need for a technology that is capable of determining the mechanical properties of
materials at a smaller/micro level. The hardness, modulus, elastic-plastic deformation of a
material can be measured on a very small scale by employing the technique of
nanoindentation (Hardiman et al., 2015). To utilise waste based biochar in the fabrication of
advanced materials, it becomes necessary to determine the mechanical properties of
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individual particles at the microscopic level. The better the comprehension of the mechanical
properties, the more extensive the use of this kind of bioresource is likely to be.

It was evident from Chapters 4 and 5 that biochar has the potential to be used as a constituent
in polymeric composites. In addition, other recent investigations (DeVallance et al., 2015;
Ho et al., 2015; Nan et al., 2015) also pointed to the possibility of employing biochar in
manufacturing polymer based composites. However, the studies mentioned above
investigated the reinforcement potential of only one type of biochar (made from single
feedstock/pyrolysis condition). Several properties of biochar, such as surface area, carbon
content, ash content, can become important considerations when polymer based composites
are being fabricated. It was suggested in Chapters 4 and 5 that the surface area biochar can
aid in pore infiltration by molten polymer consequently improving mechanical properties.
Likewise, Ho et al., (2015) also observed better mechanical properties owing to the relatively
high surface area of bamboo biochar. The inorganic ash content in the biochar was deemed
unsuitable to make flexible rubber composites by Peterson, (2013). Thus, it is necessary to
investigate the effects of these aforementioned properties (ash content, surface area, etc.) of
biochar on the final mechanical, thermal, and chemical properties of the resulting composites.
On the other hand, the above investigations have only trialled manufacturing of polymer
composites from wood-based biochar. Keeping the waste management perspective in mind it
is necessary to investigate the composite fabrication potential of other waste derived
biochars, such as sewage sludge and manure-based biochars.

The first part of this chapter contains the characterisation of the mechanical properties of
diverse waste derived biochars by employing nanoindentation technique and correlation of
these properties with their parent feedstock, production methods, and chemical/thermo-
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chemical nature (e.g. crystallinity, thermal degradation profile, etc.). The second part of the
chapter provides details on the manufacturing of wood/polypropylene (PP) composites based
on all the tested biochars. The resulting composites’ mechanical, thermal, chemical, and
morphological characteristics were systematically studied. Then, comparison of composite
properties which are dependent on the biochar properties was conducted. Finally, properties
of biochar which are more pertaining to better composites were attempted to be identified.
The overarching aim of this chapter is to identify a biochar which concurrently exhibits the
most desirable individual mechanical properties and imparts enhanced performance
properties of its composites with wood and PP.

6.2

Nanoindentation testing and composites manufacturing

The nanoindentation was performed on the biochar particles using the same method as
explained in Chapter 5. The design parameters of the composites were chosen based on the
findings of Chapter 4. The loading amounts of biochar, wood, PP, and coupling agent (maleic
anhydride grafted polypropylene/MAPP) were 24, 30, 42, and 4 wt%, respectively. The
manufacturing process was also kept similar to what was used in Chapter 4. The
nomenclature of the biochar used in this chapter is presented in Table 3.1 in Chapter 3.

6.3

Results and discussion

6.3.1 Properties of individual biochars
6.3.1.1 Physical properties of the biochars
The moisture, ash, and elemental carbon content along with their respective specific surface
areas of the biochars are presented in Table 6.1. TCP 900 biochar had the highest values for
moisture, ash, elemental carbon, and specific surface area (SSA) of 9.55 wt%, 13.41 wt%,
82.2 wt%, and 335.91 m2/g, respectively. Significantly high ash content was observed in
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biosolids (27.46 wt%) and poultry litter (31.04 wt%) biochars. Lowest values of SSA were
observed in PSD 470 and 420 biochars.
Table 6.1. Biochar properties
Biochars
TCP 900
TCP 350
PSD 470
PSD 420
Biosolids
Poultry litter

Moisture
(wt%)
9.5
7.8
4.6
5.9
4.0
3.2

Ash
(wt%)
13.4
2.6
1.8
2.0
27.4
31.04

Carbon
(wt%)
82.2
71.8
74.5
69.7
55.0
48.2

SSA
(m2/g)
335.9
28.6
0.9
0.7
1.1
9.0

6.3.1.2 Optical microscopy
Figure 6.1 shows the optical microscopy images of the biochar samples. All the biochars
appeared to be white in colour in the bright field image, as their dark carbonaceous nature did
not allow the light to pass through. It can be observed that among the TCP biochars, the TCP
900 biochar had all the particles completely carbonised due to the high pyrolysis temperature.
However, the biochar made at 350 °C (TCP 350) had visible wood particles along with some
biochar particles. It appears that the temperature of 350 °C was not enough to cause complete
thermo-chemical conversion of all the feedstock. Similarly, among the PSD biochars, the
PSD 470 sample appeared to have been completely converted into biochar from pine
sawdust. On the other hand, the PSD 420 sample had biochar particles where some wood
fibres were not fully converted, as seen in Figure 6.1. The presence of woody fibres lodged
inside PSD 420 biochar particles is attributed to low pyrolysis temperature (420 °C). The
biosolids biochar had a presence of completely converted biochar particles with honeycomb
structure, which were made from woody particles present in the sludge. Since the poultry
litter feedstock was a mixture of pine wood, feathers, chicken excreta, spilt feed, etc., the
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microscopy image showed the presence of different types of biochar particles of varying
sizes.

Figure 6.1. Optical microscopy images of biochar samples

6.3.1.3 Load vs. displacement curves
Figure 6.2 shows the load vs. displacement curves of the biochar samples obtained from
nanoindentation. Each biochar sample was subjected to several indentations which generated
many load vs. displacement curves. However, in this chapter, only one selected curve for
each sample is shown to highlight the different hardness of each sample. It can be observed
that the slopes of the unloading curves for all the biochars were different from each other,
although the unloading slopes of PSD 470 and Poultry litter biochar were somewhat similar.
The maximum displacement of the material followed the order: PSD 420 > Poultry litter >
PSD 470 > biosolids > TCP 350 > TCP 900, indicating that TCP 900 was the hardest material
and PSD 420 was the softest. The curves of PSD 420 and poultry litter biochar showed
somewhat elasto-plastic behaviour, seen in the observation that there was still approximately
400 nm displacement left after the load was completely removed from the sample. The curve
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of PSD 470 also had a residual indent of about 200 nm. In contrast, the curves of TCP 900,
TCP 350 and biosolids had a negligible residual indent where the unloading curves followed
the loading curves in close proximity to their origins (Zickler et al., 2006). The response of
indentation on these samples (TCP 900, TCP 350 and biosolids) was more elastic and
specifically, TCP 900 had the most elastic behaviour amongst all the other biochar samples.

Figure 6.2. Load vs displacement curves of biochar samples

6.3.1.4 Hardness (H) and elastic moduli (Es)
Figure 6.3 depicts the average hardness (H) and elastic moduli (Es) values of all the biochar
samples. It can be observed that the hardness and elastic moduli of each sample followed an
order: TCP 900 > TCP 350 > biosolids > PSD 470 > Poultry litter > PSD 420. The trend of
this order was the exact opposite of the trend for maximum penetration depth reached by the
indenter tip for each sample. TCP 900 was found to have a significantly high hardness and
modulus values of 4.29 and 25.01 GPa, respectively. Even though the feedstock was different
(spruce wood), Zickler et al., (2006) reported similar hardness values (~4.4 GPa) obtained
from nanoindentation of biochar made at about 900 °C. Values of hardness and modulus of
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the lower spectrum were observed in PSD 470, Poultry litter, and PSD 420. An examination
of the data revealed that the TCP 350 biochar had its hardness and modulus values higher
than those of all other biochars (except TCP 900) which were made at temperatures higher
than 350 °C. This behaviour is subsequently explained in later sections.

Figure 6.3. Average hardness (H) and elastic moduli (Es) of biochar samples

6.3.1.5 Fourier transform infrared spectroscopy (FT-IR) of biochars
The FT-IR spectra of the biochar samples are presented in Figure 6.4. It can be observed that
the spectra of TCP 900 and TCP 350 had a total absence of surface functional groups. PSD
470 and PSD 420 had nearly identical spectra with peaks due to the vibration of CO bending
and C=C stretching of aromatic rings at about 1200 cm-1 and 1600 cm-1, respectively. In both
cases, a very low intensity aliphatic, C–H, stretching was observed at around 2900 cm-1. The
presence of –OH peaks at about 3300 cm-1 was almost negligible. A nitro peak (N–O) at
about 1390 cm-1 and a =C–H peak at about 870 cm-1 were observed in biosolids biochar
(Srinivasan et al., 2015); however, the spectra did not exhibit a –OH peak. The spectra of
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poultry litter biochar showed the presence of C–O alcohol peak at about 1050 cm-1 and a
C=C stretching of aromatic rings at around 1600 cm-1. This peak at 1600 cm-1 is similar to
what was observed in PSD 470 and 420, indicating the presence of softwood pine in poultry
litter feedstock.

Figure 6.4. FT-IR analysis of biochar samples

6.3.1.6 X-Ray diffraction (XRD) of biochars
The XRD spectra of all biochar samples are presented in Figure 6.5. The spectra of TCP 900,
TCP 350, PSD 470, and PSD 420 biochars were broad and indicated the presence of
amorphous materials which had some extent of short-range order (Srinivasan et al., 2015).
These biochars showed a change in initial low angle base line intensity at about 23° and 43°
revealing two broad humps. This indicated a presence of an early poor crystalline structure
and carbon-rich phase in these samples (Uchimiya et al., 2011). Among these biochars, TCP
900 and 350 had a comparatively higher degree of order (Table 6.2). The biosolids and
poultry litter biochars, on the other hand, were found to exhibit a higher degree of crystalline
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phases. However, this is attributed to the presence of higher amount of crystalline impurities
and not the inherent property of the biosolids and poultry litter biochar (discussed in detail
subsequently). The percentage of crystallinity was found to be the highest in the biosolids
biochar (71.6 %) and the lowest in PSD 420 Biochar (36. 1 %) (Table 6.2).

Figure 6.5. XRD analysis of biochar samples
Table 6.2. Percentage degree of crystalline and amorphous phases in biochars
Biochars
TCP 900
TCP 350
PSD 470
PSD 420
Biosolids
Poultry litter

Crystalline
(%)
46.1
42.7
41.1
36.1
71.6
47.9
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Amorphous
(%)
53.9
57.3
58.9
63.9
28.4
52.1

6.3.1.7 Thermogravimetric analysis (TGA) of biochars
The results of TGA analysis are shown in Figure 6.6. PSD 420 and poultry litter biochars had
the maximum amount of mass loss compared to the other samples. Even though TCP 900 and
TCP 350 biochars had a comparatively lower mass loss, there was an evolution of moisture
below 100 °C for TCP 900 biochar and a peak due to cellulose decomposition at about
368 °C for the TCP 350 biochar (Poletto et al., 2012). TCP 350 biochar had incomplete
conversion during pyrolysis (at lower temperature of 350 °C) leaving behind some
unconverted wood in them. The presence of wood caused a somewhat typical biopolymer
decomposition pattern in this biochar. There were several decomposition events in the poultry
litter biochar across the entire temperature range as it consisted of a variety of materials (pine
wood, feathers, chicken excreta, and spilt feed). Some of these materials degraded at certain
specific temperatures. There were two distinct devolatilisations at about 419 and 520 °C. The
carbohydrates and protein of the biopolymer induced compositional stratification owing to
the heterogeneous nature of poultry litter biochar (Ro et al., 2010).

Figure 6.6. TGA analyses of biochar samples
174

6.3.1.8 Scanning electron microscopy (SEM) of biochars
Figure 6.7 indicates the scanning electron microscopy images of the biochar samples. The
SEM micrographs indicated that both TCP 900 and TCP 350 had similar microstructure
owing to the same source of feedstock that they were made from. Both TCP 900 and TCP
350 biochars had smooth and glassy appearance. However, TCP 900 biochar had more pores
on its surface due to the evolution of volatiles at high temperature (900 °C). The micrographs
of PSD 470 and PSD 420 biochars showed rough and irregular structure with very few pores.
In the case of biosolids biochar, the production temperature of 680 °C created surface pores.
However, a close examination of the micrograph revealed that most of these pores were
clogged. Similar to TCP 900 and TCP 350, the biosolids biochar appeared to be glassy in
nature. The heterogeneous poultry litter biochar showed presence of very rough
microstructure.

Figure 6.7. SEM images of biochar samples
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6.3.1.9 Correlation of mechanical properties with pyrolysis conditions and biochar
composition
The cause and effect of underlying mechanisms that gives a biochar its inherent hardness and
modulus should be considered when employing it in structural/fabrication applications. In the
present work, the order for biochar’s hardness was: TCP 900 > TCP 350 > Biosolids > PSD
470 > Poultry litter > PSD 420. TCP 900 and TCP 350 biochars had the highest values of
hardness (4.29 GPa and 2.71 GPa, respectively) among the other samples. The hardness value
of the biosolids biochar was also on the higher side at 2.44 GPa. Interestingly, a biochar
which had high hardness also had corresponding high value of elastic modulus. It was
observed that generally, a heat treatment temperature of ≥500 °C had endowed higher
hardness/modulus in the biochar (as found in TCP 900 and biosolids). The lower
hardness/moduli of biochar (PSD 470, PSD 420, and Poultry litter) made at a temperature of
around 450 °C (average of the production temperatures) can be attributed to a disintegrated
micro-structure. The pyrolysis temperature of ~ 450 °C enabled the evolution of some
gaseous decomposition products resulting in the formation of residual macropores in the
biochar (Gray et al., 2014). Consequently, the biochar made around this temperature
(450 °C) exhibited a defective and open structure of pyrolytic tars and carbon molecules,
which in turn reduced its hardness and modulus (Paris et al., 2005). Hence, pyrolysis/heat
treatment temperature was found to have significant effect on biochar’s mechanical
properties (Zickler et al., 2006). An exception was TCP 350 biochar which had relatively
high value of hardness/modulus even though it was made at a lower temperature of 350 °C
(Figure 6.3). Both TCP 900 and TCP 350 biochar were made with a residence time of 60 min.
The biochars which had lower hardness/moduli were made at much lower residence times (10
and 20 min). Hence, it can be suggested that residence time is the second most important
controlling factor which determines the mechanical properties of biochars. However, it is
conceivable that heat treatment temperature is a more dominant factor than residence time
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when mechanical characteristics of biochars are concerned. TCP 900 (made at 900 °C) had
higher values of hardness and modulus than TCP 350 (made at 350 °C) even though their
residence times were the same (60 min). Similarly, with equal residence time of 10 min, the
PSD 470 (made at 470 °C) had higher hardness/modulus than PSD 420 (made at 420 °C).
Biosolids biochar, which was made with a low residence time of 10 min, had higher
hardness/modulus than those of PSD 470, PSD 420 (residence time= 10 min) and poultry
litter (residence time=20 min) as the production temperature was 680 °C, which was much
higher than the production temperatures of PSD 420, PSD 470, and poultry litter (Table 3.1 in
Chapter 3).

An insight into the physical/chemical/thermo-chemical properties of the biochars revealed
that TCP 900 and TCP 350 biochars high degree of condensation since FT-IR analysis did
not show presence of functional groups on their surface (Figure 6.4). The biosolids biochar
having relatively higher hardness/moduli were also fairly condensed compared to PSD 420,
PSD 470, and Poultry litter. A combination of temperature (≥500 °C) and residence time (~1
h) caused dehydrogenation and condensation of the carbohydrates along with loss of volatiles
from the biochars’ surfaces. Consequently, biochars were devoid of functional groups and
had more degree of condensation (Zickler et al., 2006). Hence, the more the degree of
condensation of the biochar, the more it is likely to have higher values of hardness and
modulus.

Structurally, biochars are amorphous in nature with disordered molecules (Srinivasan et al.,
2015). However, with an increase in heat treatment temperature and residence time, some
molecular level ordering took place which has been characterised by two humps at about 23°
and 43° (Figure 6.5) (Paris et al., 2005). These humps may be due to an order between the
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carbon molecules and/or order between the chains of the carbon molecules. It appeared that
the increase in the percentage of crystallinity depended on the source of feedstock and
pyrolysis conditions. In TCP biochars, TCP 900 had a higher percentage of crystallinity than
TCP 350 due to production at a higher temperature. Similarly, in PSD biochars, PSD 470 had
a higher degree of order in its molecule due to higher heat treatment temperature. Analogous
to the mechanical properties, the heat treatment temperature seemed to have played a greater
role in determining a molecular order in biochars. Between each source of feedstock, a higher
value of hardness/modulus is characterised by a higher percentage of crystallinity, most
probably due to covalent bonding of carbon being more prevalent. For example, both TCP
900 and PSD 470 had higher hardness/moduli and crystallinity than TCP 350 and PSD 420,
respectively (Figures 6.3 and 6.6). Zickler et al (2006) explained that heat treatment at
higher temperatures (600-1000 oC) might cause transformation in the carbon molecules into a
3D-crosslinked network. Hence, a biochar with more ordered molecules of carbon is likely to
have high values of hardness and modulus. However, Zicker et al (2006) observed a
decreasing value for hardness/moduli beyond 2000 °C (production temperature) due to the
slipping mechanism of indentation tip over the oriented/stacked carbon sheets. On the other
hand, the crystallinities of biosolids and poultry litter biochar could not be correlated with
their respective hardness/moduli as the crystal phases observed (Figure 6.5) were not inherent
properties of those biochars but rather contributed by high amount of impurities present in
them (Table 6.1). Analysis of the samples revealed that calcite (CaCO3) was present in the
poultry litter biochar whereas biosolids biochar had quartz (SiO2) in it. Calcite contamination
in poultry litter biochar has been observed in previous studies and the contamination has been
noted as being inherited with the biochar prior to pyrolysis (Singh et al., 2010). Poultries are
often fed sea shells, containing high calcite percentages, as an aid for their digestive
procedure (New Zealand Lifestyle Block); hence, it is conceivable that the contamination of
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poultry litter biochar is a consequence of this. However, it should be noted that as the alkaline
content increases, so does the carbonate, oxide and hydroxide content, with cations especially
of Ca and K. These may be viewed as positive biochar properties for other purposes such as
amendment of acidic soils. Quartz has likewise been found in poultry litter biochar previously
(Koutcheiko et al., 2007), indicating that the quartz contamination occurred at the source and
did not occur as part of the pyrolysis process. It should be noted that quartz content may be of
phytolithic in nature having biological origins, which do not degrade during the processing of
the biomass and are also resistant to thermal degradation. The biosolids biochar visibly
showed presence of quartz in its microscopy (Figure 6.8) and consequently had a high
percentage of ash.

Figure 6.8. Presence of quartz in biosolids biochar (Figure is indicative and not to scale)

The source of the feedstock (and not type) seemed to have an effect on the mechanical
properties of biochars in regard to the elemental carbon content in them. For instance, it was
observed that biochars from the same source produced at higher production temperatures
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enabled a higher carbon content (carbon % of TCP 900> TCP 350; PSD 470 > PSD 420)
(Table 6.1) which is obvious due to carbonisation (Demirbas, 2004). Results also showed
that biochars derived from the same source had an increased hardness and modulus
corresponding to an increase in elemental carbon. Therefore, biochar, which is produced from
the same stock of raw material, would have high hardness/modulus if the carbon percentage
is high. Similarly, a rise in the specific surface area was seen (among the same stock of raw
material) with a rise in temperature as more volatiles were evolved creating pores on biochar
surface (Table 6.1). However, no correlation could be drawn between a biochar’s mechanical
properties to its surface area. It was observed from SEM microscopy that the biochars (TCP
900, TCP 350, and Biosolids) having smooth and glassy appearance had high values of
hardness and modulus (Figures 6.3 and 6.7). Low hardness and moduli were observed in PSD
470, PSD 420, and poultry litter biochars as they exhibited rough and irregular surface under
SEM. Thus, a biochar having smooth surface would likely have high values of hardness and
modulus.

The constituent materials which make up biochar can be revealed by TGA analysis. In the
present study, no correlation could be found between the thermal decomposition patterns of
biochars with respect to their mechanical properties. An examination of mass loss curves
showed that the thermal stability of a biochar was independent of its hardness and modulus.
For example, TCP 900 and PSD 470 had similar decomposition profile (Figure 6.6) but TCP
900 biochar was approximately 8 times as hard and approximately 5 times as stiff as the PSD
470 biochar (Figure 6.3). From data of FT-IR, XRD, and carbon content, it was understood
that the chemical and structural properties of these constituent compounds (as a result of
pyrolysis conditions) determined the resulting hardness/modulus of a biochar. Based on the
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results obtained, a pathway is depicted in Figure 6.9 which could lead a biochar to have high
values of hardness and modulus.

Figure 6.9. Pathway describing a biochar obtaining high hardness/modulus

6.3.2 Properties of composites made with biochars
6.3.2.1 Fourier transform infrared spectroscopy (FT-IR) of composites
The FT-IR spectra of the composites and their constituents (wood, PP, and MAPP) are
indicated in Figure 6.10. The most notable peak was the prominent –OH/hydroxyl stretching
in wood which was completely absent in PP and MAPP due to their hydrophobic nature. A
C–O peak was observed in the wood spectrum at ~1000 cm-1. The wood spectrum also
exhibited a very weak aliphatic C–H stretching at ~2800–2900 cm-1. A typical carbonyl/C=O
peak at ~1700 cm-1 was observed in MAPP which aids the bonding of the wood and PP. The
final chemical makeup of the composites was an additive function of the constituents having
higher mass percentages in the composites (wood= 30%, biochar= 24%, and PP=42%). Peaks
around 2900 cm-1 (due to asymmetrical CH2 bend) and at 1450 cm-1/1380 cm-1 (due to
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symmetrical and asymmetrical CH3 bends) were contributed by the presence of PP in the
composite (Lee et al., 2010). Composites made from poultry litter, PSD 470, and PSD 420
biochars exhibited a very weak C=C peak at ~1600 cm-1 as a result of addition of the
biochars. The MAPP had carbonyl group (~1700 cm-1) which was responsible for forming
ester bonds with the hydroxyl group of the natural constituent (here wood) whereas its
polymeric backbone mechanically interlocked with the PP matrix. Therefore, the wood and
the PP participated in MAPP assisted adhesion which consequently formed the required
interfacial bonding.

Figure 6.10. FT-IR analysis of composites

6.3.2.2 X-Ray diffraction (XRD) of composites
The XRD diffractograms of the biochar composites are shown in Figure 6.11 and compared
with the neat PP. It can be clearly observed that the semi-crystalline nature of PP had
contributed for the peaks at ~14, 17, 18, and 22o. The addition of all the samples of biochar
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did not severely affect the crystal structure of the PP (Liu and Wu, 2001). The broad bumps
at ~23o due to the early poor crystalline structure of the biochars (TCP 900, TCP 350, PSD
470, and PSD 420) (Figure 6.5) remained overlapped by the crystalline peaks of PP in the
composites. On the other hand, the peaks due to the crystalline impurities of quartz and
calcite in biosolids and poultry biochar were observed in their respective composites (Figure
6.11). A general reduction in peak intensity was observed in composites compared to the neat
PP due to the increment in the degree of “amorphousness” as a result biochar and wood
inclusion (Ho et al., 2015). It can be stated that crystalline behaviour of individual
components had an additive effect on the final property of the resulting composites without
severely disrupting the crystal structure of PP matrix.

Figure 6.11. XRD analysis of composites

Table 6.3 indicates the percentage degree of crystallinity in the biochar added composites.
From the data, it can be inferred that, since the loading levels of PP and wood were kept
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constant in all the samples, the changes in degrees of crystallinity of the composites were
brought about by the individual crystallinity of the respective biochar. TCP 900 and TCP 350
biochar had a higher degree of order (Figure 6.5 and Table 6.3) and consequently increased
the overall degree of crystallinity of their composites (compared to PSD 470 and 420
composites). The biosolids biochar had the highest number of crystalline phases followed by
the poultry litter biochar. As a result, biosolids biochar added composite exhibited the highest
degree of crystallinity (62.1%). Poultry litter biochar added composite followed biosolids
composite in its value for percentage degree of crystallinity (59.5%).

Table 6.3. Percentage degree of crystalline and amorphous phases in composites
Composites
TCP 900
TCP 350
PSD 470
PSD 420
Biosolids
Poultry litter
Neat PP

Crystalline
(%)
55.2
48.4
45.1
45.3
62.1
59.5
73.4

Amorphous
(%)
44.8
51.6
54.9
54.7
37.9
40.5
26.6

6.3.2.3 Thermogravimetric analysis (TGA) of composites
Figure 6.12 indicates the TGA curves of the biochar added composites (compared with neat
PP and wood/PP composite, WPC). Table 6.4 also illustrates the TGA results for the
composites, such as the onset of decomposition temperature (T5%) and the temperatures at the
maximum mass loss rates (Tmax1 and Tmax2 obtained from the derivatives of the mass loss
curves). Both neat PP and WPC decomposed without leaving any residues. It can be clearly
seen from Figure 6.12 and Table 6.4 that the initiation of thermal degradation for all the
biochar composites samples occurred just after 300 °C (except for biosolids biochar based
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composite). The second thermal decomposition event occurred at ~360-370 °C, which is
attributed to the degradation of cellulose in the wood. The final decomposition occurred in
the temperature range of ~450-470 °C, which is contributed by the decomposition of the PP
in the composites. The thermal decomposition behaviour of the biosolids composite was
different from all other composites (probably due to catalytic effect which is discussed
subsequently) which produced the least amount of residues. All other composites produced
similar amounts of residues after final TGA temperature was reached, which were higher (by
~24%) than those of the neat PP and WPC.

It can be observed that in general, inclusion of biochar had shifted the PP decomposition
maximum to a higher temperature as compared to the neat PP (Table 6.4). Moreover, the PP
degradation temperature was protracted as a result of biochar addition in composites when
compared to the WPC. This is beneficial as biochar incorporation in polymeric composites
bestows it with thermal stability. The individual biochars were fairly thermally stable (Figure
6.6) and their additive influence have resulted in enhanced thermal stability of biochar
composites. The biosolids composite exhibited an earlier decomposition of the PP (~287 °C)
when compared to other biochar based composites. From the XRD analysis, presence of SiO2
was observed in the biosolids biochar and its composite (Figures 6.5 and 6.11) and it is
postulated that the SiO2 had a catalytic effect on the thermal degradation of PP (Audisio et
al., 1984). The combination of high TGA temperature and neutral conditions (Ar flow of 50
ml/min) might have facilitated enhanced PP degradation through chain scission of carboncarbon bonds (Sekine and Fujimoto, 2003). SiO2, thus, probably acted as a solid catalyst
which when came in direct contact with the molten PP, promoted its degradation to lower
molecular weight compounds (Sakata, 1998).
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Figure 6.12. TGA analyses of composites
Table 6.4. TGA results of composites

Samples

T5%
(°C)

Tmax1
(°C)

Tmax2
(°C)

Neat PP

295.7

-

387.8

WPC

262.0

378.1

422.6

TCP 900 Biochar

535.4

-

-

TCP 350 Biochar

310.5

368.0

-

PSD 470 Biochar

504.2

-

-

PSD 420 Biochar

449.7

-

-

Biosolids Biochar

444.8

-

-

Poultry Litter Biochar

371.8

418.9

521.2

TCP 900 Composite

306.2

373.2

451.1

TCP 350 Composite

304.9

367.0

466.8

PSD 470 Composite

306.1

372.0

447.9

PSD 420 Composite

302.2

368.2

471.5

Biosolids Composite

287.4

362.6

426.2

Poultry Litter Composite

307.7

355.5

469.2
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6.3.2.4 Mechanical properties of composites
Table 6.5 summarises the mechanical properties (tensile and flexural) of the biochar
composites compared with conventional wood and PP composite (WPC) without biochar.
Since the type and loading amounts of wood and the PP were constant across the entire range
of the composites, the changes in the mechanical properties (especially tensile) were brought
about by the inherent characteristics of the individual biochars added to them and/or the
interaction of biochars with wood/PP. It can be observed that (except for PSD 470 and 420
biochar composites) addition of biochars have resulted in composites exhibiting higher or
equal tensile strengths than that of the conventional WPC. While tensile strengths higher than
WPC (24.22 MPa) were observed in TCP 900 (25.6 MPa) and biosolids (25.2 MPa) biochar
composites, the poultry litter biochar composite had the highest value of tensile strength (~27
MPa) compared to other composites.

It is to be noted that the addition of all the biochars have improved the tensile moduli
(compared to that of WPC) of the resulting composites. The trend of moduli values was
somewhat similar to the values of tensile strengths of the biochar added composites: the TCP
900, biosolids, and poultry litter biochar composites had the highest values of moduli of 4.42,
3.99, and 4.28 GPa, respectively. The PSD 470 (3.34 GPa) and PSD 420 (3.5 GPa) biochar
composites showed the lowest values of tensile moduli. However, these values were still
higher than the tensile moduli of the conventional WPC (3.1 GPa). These results corroborate
the previous finding in Chapter 4 where mixing ~24 wt% biochar with wood and PP
composites increases its stiffness.

When tensile properties are concerned, the characteristics of individual constituents and their
interaction with the matrix in the interface play a determining role. However, the
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homogeneous nature of the composite governs its flexural properties. Furthermore, tensile
properties measure the average property of the composite through the thickness whereas
flexural properties determine the properties of the constituents near the top and bottom of the
surface. During the bending, the concave side of the composite sample is compressed while
the convex side is stretched (Phillips and Harris, 1977). Other factors affecting flexural
properties are particle dispersion, wetting, and infiltration of molten polymer in the particles.
From Table 6.5 it can be observed that the flexural properties of the composites followed
similar pattern to the tensile strength: generally, the addition of all the biochars conserved
and/or enhanced the flexural strengths whereas the modulus values of all the samples were
higher than that of the WPC. From the significant increase of the flexural moduli, it can be
inferred that efficient stress transfer occurred between the PP matrix and the wood/biochar
particles (Huda et al., 2006). Furthermore, the amount of particle loading also positively
influenced the flexural modulus values, although the maximum values are governed by the
manufacturing method and PP flow behaviour (Balasuriya et al., 2001).

TCP 900 biochar induced higher tensile strength and moduli in the composite and this can be
attributed it its high individual hardness (4.3 GPa), modulus (25 GPA), surface area (~336
m2/g), and carbon content (82.2 wt%) (Figure 6.3 and Table 6.1). The carbon provided the
necessary reinforcement, and the pores in its structure allowed the infiltration of molten PP
during processing. This resulted in a mechanical interlocking which consequently improved
both the strength and stiffness of the composite. The TCP 350 biochar, also having relatively
higher hardness/modulus and surface area (Figure 6.3 and Table 6.1), raised the modulus of
the composite while also maintaining the tensile strength equal to that of the WPC. Both
biosolids and Poultry litter biochar added composites exhibited high strengths and moduli.
From Table 6.1, it can be seen that both these biochars had very high amount of inorganic
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minerals in them (biosolids biochar= 27.46 wt%; poultry litter biochar= 31.04 wt%).
Furthermore, the XRD analysis revealed the presence of quartz/silica in biosolids biochar and
calcite in poultry litter biochar in the inorganic mineral phase (Figure 6.5). In the past, several
studies have used silica and CaCO3 as potential inorganic reinforcements in polymer based
composites (Davidovits, 1991; Fu et al., 2008; Ji et al., 2003; Reynaud et al., 2001). Hence,
it is possible that owing to the high ash content of the aforementioned biochars and thus, the
presence of silica and CaCO3 provided added reinforcement in the composites. It was seen
that poultry litter biochar added composite had the highest tensile strength and a high
modulus. However, these biochars lacked high percentages of carbon or surface area like
TCP 900 (Table 6.1). Based on the results, it can be inferred that a combination of individual
hardness/modulus, surface area, carbon content, and ash content (especially CaCO3 based) of
biochars could play an important role in determining the mechanical properties of the
resulting polymer based composites. The PSD 470 and PSD 420 biochar composites
exhibited the lowest values of tensile properties among the other biochar composites. The
poor performance is attributed to the very low hardness/modulus, surface area, and absence
of silica and CaCO3 based minerals in these biochars (Table 6.1).
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Table 6.5. Mechanical properties of composites

Samples

Tensile
Strength
(MPa)

Tensile
Modulus
(GPa)

Flexural
Strength
(MPa)

Flexural
Modulus
(GPa)

WPC

24.2 ± 1.0

3.1 ± 0.3

47.0 ± 4.3

2.3 ± 0.3

TCP 900

25.6 ± 0.7

4.4 ± 0.1

49.2 ± 0.9

3.6 ± 0.0

TCP 350

24.1 ± 0.8

3.9 ± 0.1

47.7 ± 1.0

3.5 ± 0.0

PSD 470

21.4 ± 0.3

3.3 ± 0.1

49.3 ± 2.6

3.2 ± 0.0

PSD 420

23.3 ± 0.2

3.5 ± 0.1

49.1 ± 1.4

3.3 ± 0.0

Biosolids

25.2 ± 0.5

3.9 ± 0.1

49.8 ± 2.0

3.6 ± 0.0

Poultry Litter

26.8 ± 0.8

4.2 ± 0.2

49.5 ± 0.6

3.6 ± 0.0

6.3.2.5 Scanning electron microscopy (SEM) of composites
The tensile fractured surfaces of all the composites were studied under SEM, and the
micrographs are presented in Figure 6.13. The TCP 900 biochar composite showed
mechanical interlocking with PP, and this might be one of the causes for the composites to
have high tensile strength/modulus and flexural modulus values. The TCP 350 biochar
composite, on the other hand, also showed the infiltration of PP into the pores of the biochar.
This mechanical interlocking resulted in the composite’s reasonably better tensile/flexural
modulus and tensile strength. PSD 470 biochar composite indicated some fibre fracture
resulting in inferior tensile properties. In PSD 420 biochar composite, matrix cracking was
observed which led to its low tensile strength and stiffness. A relatively good interfacial
bonding was observed in the biosolids and poultry litter biochar composites. The poultry litter
composite shows probable presence of a calcite crystal which provided reinforcement to the
composite leading it to have high values of tensile/flexural strength and modulus.
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Figure 6.13. SEM images of composites

6.4

Summary

The present chapter focussed on investigating the individual properties of waste derived
biochars and the composites made from them. Amongst the individual biochars, the TCP 900
biochar was found to have the highest hardness and elastic modulus values. On the other
hand, the composites made from the TCP 900 and poultry litter biochars exhibited the highest
values of tensile strength and tensile and flexural modulus (compared to other biochar added
composites). The thermal stability of composites containing TCP 900 and poultry litter
biochars was also fairly high as observed in TGA. However, the individual hardness/modulus
and the mechanical interlocking (between biochar pores and PP) were deemed to be the most
dominant factors for enhancing the mechanical properties of the resulting composites. TCP
900 biochar had 88% and 80% higher hardness and modulus, respectively, compared to those
of poultry litter biochar. Moreover, the TCP 900 biochar had a surface area of ~336 m 2/g as
opposed to the surface area of 9 m2/g of poultry litter biochar. Additionally, the thermal
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stability of TCP 900 biochar (without being incorporated in composite) was also better than
that of poultry litter biochar (Figure 6.6). Therefore, TCP 900 biochar was chosen as the
preferred composite constituent in the subsequent chapters in this thesis project.
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7 Chapter 7: Effects of biomass types on the
properties of biochar/polypropylene composites
This chapter has been extracted from the following manuscripts:


Das, O., Kim, N-K., Ikram, S., Sarmah, A.K., Lin, R.J.T., Bhattacharyya, D., 2017. An
attempt to find a suitable biomass for biochar based polypropylene biocomposites.
Environmental Management. Under review.



Das, O., Kim, N.K., Sarmah, A.K., Bhattacharyya, D., 2017. Development of waste
based biochar/wool hybrid biocomposites: flammability characteristics and mechanical
properties. Journal of Cleaner Production. 144: 79-89.

7.1

Introduction

The potential for using biochar in the fabrication of biocomposite materials has been explored
in Chapters 4 and 6 of this thesis. In particular, a loading amount of 24 wt% was found to be
the most desirable for enhanced mechanical properties (Chapter 4). In addition, the individual
hardness/modulus, surface area, and carbon content of the biochar was deemed to be the most
significant factors for developing composites with better performance properties (Chapter 6).
As a result, the TCP 900 biochar having high hardness/modulus (4.3 GPa/26 GPa,
respectively), surface area of ~336 m2/g and a carbon content of 82 wt% was chosen for
further study. All the manufacturing and development of the biochar based biocomposites
until now included wood as the co-reinforcement. Hence, in order to impart versatility and
effective waste utilisation, it is imperative to study the suitability of different types of
biomasses with biochar in a biocomposite for various performance requirements. Evidently,
the same has also been pointed out in a recent work (Väisänen et al., 2016) about the
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necessity for incorporating several different types of biomasses in conjunction with biochar in
biocomposites.

Keeping in mind the need for utilisation of organic wastes, it is important that only common
organic waste streams be used to manufacture biochar based biocomposites. Organic wastes
with the potential to degrade aided by bacteria could generate harmful greenhouse gases or
leachates (Freed et al., 2004). Therefore, for the purpose of reducing pollution, it is required
to reuse the waste biomasses in manufacturing innovative materials. Several types of organic
wastes, such as sunflower/corn stalks, rice husks, wool, waste paper sludge, etc., were already
used to manufacture biocomposites in the past (Ashori and Nourbakhsh, 2010; Bilal et al.,
2013; Kim and Bhattacharyya, 2016; Hamzeh et al., 2011). However, the synergistic
behaviour of these organic wastes and biochar in a composite is not yet fully understood.
Some of the common and readily available organic wastes are: 1) rice husk owing to rice
being a staple food in most parts of the World; 2) coffee husk from the global consumption of
the beverage; 3) coarse wool as a result of large sheep population in New Zealand (NZ)
which is often times disposed of; and 4) landfill wood as a by-product of forestry waste in NZ
(Zoccola et al., 2014). The addition of the aforementioned biomasses with biochar to
fabricate biocomposites would simultaneously utilise organic wastes, create innovative
materials for diverse applications and increase their values.

When biomass is heated to high temperatures (~>400-500 °C), the volatiles escape leaving
behind a porous carbonaceous material i.e. biochar (Gray et al., 2014). Manufacturing of
biochar based polymeric composites takes advantage of the porous surface structure allowing
molten polymer to flow into them and consequently creating a mechanical interlocking
between the matrix and the reinforcement. Moreover, the high surface area of biochar
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produced from high-temperature pyrolysis aids the dispersion of the particles in the polymer
matrix (Ho et al., 2015). While the physical structure of biochar has been utilised for
enhancing the mechanical properties of polymeric composites, its inherent carbonaceous
nature, stable C-C covalent bonds amongst carbon molecules, and aromatic rings with high
bond energy could be beneficial for imparting fire resistance to the composites. Composite
materials have to pass stringent fire safety regulations in order to be employed in sectors such
as automotive, aviation, and buildings. The (relatively) high-temperature biochar with a high
porosity was also found to resist combustion as the volatiles that could sustain burning
already departed during its initial production (Liu et al., 2014). This fire-resistant property of
biochar could be extremely advantageous as both the polypropylene (PP) matrix (due to its
hydrocarbon backbone), and the aforementioned biomasses are generally susceptible to
burning.

All the past studies explored the effects of biochar and biomasses separately, and no
investigation was conducted which studied the combined effects of biochar and biomasses in
polymer based composites. This necessitates the need to comprehend the properties (mainly
fire and mechanical) of composites containing both biochar and waste biomasses. From a
sustainability perspective, the inclusion of both biochar and biomass, would allow the amount
of synthetic polymer to be further reduced whereas, from the performance viewpoint, the dual
reinforcements could result in a betterment of the composite’s properties.

The central aim of this chapter was to identify a waste biomass most suitable with biochar in
a PP based composite. Four different biomass wastes, namely rice husk (RH), coffee husk
(CH), coarse wool (WL), and landfill wood (WD) were used to manufacture biochar (BC)/PP
composites. The individual reaction-to-fire and thermal properties of all the biomasses along
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with the biochar were investigated. The resulting composites were also subjected to many
tests in order to reveal their reaction-to-fire, thermal, mechanical, and morphological (both
structural and post-combustion char) properties. The biomass exhibiting the best balance of
mechanical and fire properties in biochar/PP biocomposites was chosen for further analysis in
this thesis.

7.2

Composites manufacturing

For this chapter, the manufacturing of the composites was conducted similar to what was
done in previous chapters up to compounding/melt blending. The final fabrication was done
using injection moulding process. The reason for the choice of injection moulding (over
compression moulding is explained in Chapter 3). In brief, injection moulding provides more
control in producing composite samples (better cooling, higher pressure, automated process)
which are more accurate and precise with a better finish compared to compression moulding.
Moreover, there was also enhancement of mechanical properties of composites which also
followed similar trend. However, it is to be kept in mind that compression moulding is still
useful to investigate the effect of biochar addition on PP based composites. Table 7.1 presents
the mechanical properties of wood/PP composites (WPC) and wood/PP composites with
added biochar (WPBC) which were made by both compression moulding and injection
moulding. It can be seen that both the addition of biochar and employment of injection
moulding process had improved the properties of the resulting composites. The results of
injection moulded WPBC is explained in detail subsequently in this chapter. The loading
amounts of the composite’s constituents were selected based on the findings from Chapters 4
and 6. Table 7.2 lists the amount of biochar, biomass, PP, and MAPP in each of the
composite blends.
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Table 7.1. Effect of manufacturing process on mechanical properties of composites

Samples
WPC (compression
moulded)
WPC (injection
moulded)
WPBC (compression
moulded)
WPBC (injection
moulded)

Tensile
strength
(MPa)

Tensile
modulus
(GPa)

Flexural
Strength
(MPa)

Flexural
modulus (GPa)

24.2 ± 1.0

3.1 ± 0.3

47.0 ± 4.3

2.3 ± 0.3

32.0 ± 0.0

3.9 ± 0.0

59.9 ± 0.0

3.3 ± 0.0

22.8 ± 0.7

3.5 ± 0.1

49.1 ± 2.9

3.4 ± 0.0

35.8 ± 0.1

4.7 ± 0.0

67.2 ± 0.2

4.4 ± 0.0

Table 7.2. Blend ratios of biomass composites

7.3

Samples

Biomass Type

Biomass
(wt %)

Biochar
(wt %)

PP
(wt %)

MAPP
(wt%)

RH+BC

Rice husk

30

24

42

4

CH+BC

Coffee husk

30

24

42

4

WL+BC

Wool

30

24

42

4

WD+BC

Wood

30

24

42

4

Results and discussion

7.3.1 Thermogravimetric analysis (TGA) of individual biomasses and composites
Figure 7.1 indicates the TGA curves of all the four biomass compared with biochar and neat
PP. Figure 7.1 too presents the TGA curves of the composites made from the biomasses and
biochar. Table 7.3 also illustrates the TGA results for all the samples, such as the onset of
decomposition temperature (T5%) and the temperatures at the maximum mass loss rates (Tmax1
and Tmax2 obtained from the derivatives of the mass loss curves) wherever applicable. From
Figure 7.1a, it can be clearly observed that biochar was the most thermally stable having
negligible decomposition events and retaining the highest amount of carbonaceous residues.
Neat PP, on the other hand, was the least thermally stable as it rapidly decomposed leaving
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almost no residues. Amongst the four biomasses, wool was found to have the highest amount
of residues which was due its charring ability (Kim and Bhattacharyya, 2016). Rice and
coffee husk retained somewhat similar amounts of residues, which were slightly higher than
the residues produced by the wood. The onset of thermal decomposition of all the biomass
appeared earlier compared to those of the biochar and neat PP (Table 7.3). The extent of
decomposition was the lowest in biochar due to its thermal stability. The stable cross-linked
nature of carbon molecules and C-C covalent bonds amongst the molecules most probably
imparted a resistance towards thermal degradation. The neat PP was seen to have a high
magnitude of decomposition with a single decomposition maximum at ~389 °C. Rice husk,
coffee husk, and wood all had dual decomposition maxima, one at ~300-330 °C and another
one at ~440-478 °C. The first decomposition was represented by the degradation of cellulose
in these biomasses while the second decomposition was marked by the degradation of lignin
(Das, 2010). The wool, lacking the aforementioned biopolymers, had a single decomposition
maximum centred around 338 °C. The thermal decomposition in wool was dominated by the
disruption of the microfibril-matrix structure along with the disulphide bonds and the
peptides in the wool’s protein (Kim and Bhattacharyya, 2016). The coffee husk had the
highest Tmax2 (478 °C) amongst all the four biomasses. Relatively high amount of nitrogen
released from the caffeine in coffee husk (Saenger et al., 2001) can suppress the volatile
gases from the biomass and slow down the reaction of material, so decomposition can be
delayed.
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Figure 7.1. TGA analyses (a. Mass loss curves of biomasses along with biochar and neat PP;
b. Mass loss curves of composites)

From Figure 7.1b it can be observed that all the composites had onset temperatures which
were higher than the individual onset temperatures of the biomasses. This is because the
thermally stable biochar in the composite delayed the start of degradation. The biomasses,
when added with biochar in PP composite produced similar amounts (~27 wt%) of residues
which were higher than the individual residues produced by the biomasses (although the neat
wool produced a similar residue of ~26 wt%) and the neat PP (~0 wt%). This can also be
attributed to the very high amount (~78 wt%) of residues left by the thermally stable biochar
(Figure 7.1a). All the composites had two events of decomposition maximum, one at ~330370 °C and the other at ~412-490 °C. The first decomposition maximum was due to the
degradation of cellulose in the biomasses (and breakage of microfibril-matrix structure in the
wool). The decomposition maximum of neat PP has been shifted from ~389 °C to ~412490 °C. This behaviour is attributed to the inclusion of thermally stable biochar in the
composite. Hence, it demonstrates that the application of biochar can induce beneficial
thermal stability in composites. A similar observation was made in Chapters 4 and 6.
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Table 7.3. TGA results of individual biomasses, biochar, and their composites
Samples

T5%
(°C)

Tmax1
(°C)

Tmax2
(°C)

Neat PP

295.7

-

387.8

Biochar (BC) (TCP 900)

535.4

-

-

Rice Husk (RH)

259.5

323.6

440.4

Coffee Husk (CH)

239.4

303.6

477.8

Wool (WL)

92.5

-

337.7

Wood (WD)

199.5

332.9

452.9

RH + BC Composite

270.7

369.7

413.0

CH + BC Composite

308.6

323.9

489.1

WL + BC Composite

297.2

-

480.6

WD + BC Composite

305.5

371.5

447.1

7.3.2 Reaction-to-fire properties of individual biomasses and composites
Figure 7.2 indicates a comparison of the reaction-to-fire properties of individual biomasses
and biochar as obtained from the cone calorimeter. Figures 7.2a, 7.2b, 7.2c and 7.2d represent
HRR, CO2 production, CO production, and mass loss rate, respectively. Table 7.4
summarises the other important fire properties of biomasses and biochar. The peak heat
release rate (PHRR) is one of the most important parameters to judge the fire characteristics
of a material whereas the HRR curve describes the overall combustion behaviour of the
material. The TTI and time to PHRR (TPHRR) provide the time a material takes to catch fire
and produce the maximum heat, respectively under radiative heat. Therefore, material
ignition can be analysed by TTI. Both the HRR and TTI depend on the exterior heat flux,
degree of ventilation, and the extent of destruction of the tested material whereas the total
heat release (THR) represents the internal energy of the material irrespective of the
environmental factors (Schartel and Hull, 2007). All the biomasses ignited rapidly (~3-8 s)
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and also had flameout within 100 s. The wool had the highest peak heat release rate (PHRR)
of 430 kW/m2 whereas the coffee husk had the lowest (188 kW/m2). The lowest Tmax2 of
wool and the highest Tmax2 of coffee husk (amongst the biomasses) might have contributed to
their respective PHRRs in cone calorimeter (Table 7.3). The rice husk exhibited a PHRR
value of 200 kW/m2 whereas the wood had a PHRR of 250 kW/m2. The wood had the highest
TTI and TPHRR amongst all the other biomasses which are positive attributes. Due to rapid
combustion and early flameout, the THR of all the biomasses were fairly low (below 20
MJ/m2). From the HRR curves, the initial rapid combustion of wool can be clearly seen as a
sharp peak at about 25 s. The disassociation of the micro fibril-matrix structure and
disruption of disulphide bonds triggered the char formation and once the char was built-up,
the HRR went down. Under the continuous heat radiation, the char started breaking its
structure and underlying wool continued decomposition and combustion, consequently
resulting in another subdued heat release peak at ~45 s. However, the HRR reduced after that
due to the formation of char and the extinction of fuel and continued a receding pattern until
flameout at ~160 s. The rice husk also exhibited two subdued peaks and probably the second
peak was a result of underlying un-burnt virgin biomass being available to the incoming O2
resulting in an increase in HRR. Both coffee husk and wood have a single peak implying a
uniform combustion of the tested biomasses under radiative heat. The CO2 production of
wool was the highest followed by wood, rice husk, and coffee husk (Figure 7.2b). On the
contrary, wool and wood had lower CO production compared to those of coffee and rice
husks (Figure 7.2c). From the mass loss curves (Figure 7.2d), although wool was seen to
leave carbonaceous residues in TGA (Figure 7.1a), the continuous radiative heat caused
oxidation of the chars formed, leading to complete loss of mass. The biochar left the highest
amount of residues and the residues remaining in rice and coffee husk were slightly more
than wood, which corroborates the TGA mass loss results observed in Figure 7.1a.
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It can be observed that the biochar did not undergo ignition under radiative heat whereas all
the biomasses ignited rapidly. Moreover, the PHRR values of the biomasses were quite high
(~188-430 kW/m2) compared to that of the biochar (~33 kW/m2) and the time it took (25-57
s) to reach PHRR was also much faster than that of the biochar (~305 s). Biochar also
produced the lowest amount of CO2 amongst all other biomasses. The somewhat inverse
trend of CO2 and CO production can be observed in Figure 7.2c. This is attributed to the
greater extent of combustion (hence oxidation) of samples producing more CO2, and
consequently, less CO. It is to be noted that the TPHRR of biochar was difficult to be
determined due to the steady state progression of the combustion cycle. The heat release
curve of biochar, on the other hand, was almost flat and progressed at a steady state rate as it
did not catch fire even at 750 °C and 50 kW/m2 heat fluxes. The biochar tested in the present
study was produced at a very high temperature of 900 °C which resulted in the evolution of
most of the volatiles from the biochar surface consequently increasing its surface area (336
m2/g) and creating pores. Owing to the absence of volatiles, the fuel needed to enable
combustion was not available. Therefore, the biochar was not flammable under radiative heat.
In addition, the presence of C-C covalent bonds with high bond energy in biochar further
imparted thermal stability. In the past, only one study conducted cone calorimeter
investigation of pyrolysis biochars and observed that highly carbonised biochars had lower
heat release rates and higher TTIs which corroborate the findings of the current study (Liu et
al. 2014). However, even though, the biochar was very thermally stable and did not combust,
the carbon backbone underwent slight oxidation with a minimal mass loss as observed in
Figures 7.1a and 7.2d.
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Figure 7.2. Cone calorimeter results of individual biomasses and biochar

Table 7.4. Reaction-to-fire properties of individual biomasses and biochar
Time to Peak Heat Release
Total heat
Time to PHRR
Samples Ignition
Rate (PHRR)
Release (THR)
(TPHRR) (s)
(s)
(kW/m2)
(MJ/m2)
Biochar
33.3 ± 4.6
9.2 ± 1.9
305.0 ± 348.0
RH
6.0 ± 1.6
200.0 ± 3.6
8.83 ± 0.4
45.0 ± 24.0
CH
3.0 ± 0.0
188.5 ± 0.9
6.05 ± 0.1
27.5 ± 4.1
WL
4.5 ± 0.7
429.8 ± 6.5
19.6 ± 1.9
25.0 ± 0.0
WD
8.5 ± 0.8
254.3 ± 16.3
11.9 ± 0.1
57.5 ± 12.0
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Table 7.5 presents the cone calorimeter parameters for biomass added biochar composites
whereas Figure 7.3 shows the reaction-to-fire properties of the same composites. The cone
calorimeter results of the composites are compared with that of the neat PP. From Table 7.5
and Figure 7.3a, it can be observed that neat PP burned rapidly with a sharp HRR peak due to
the fast degradation of its hydrocarbon backbone. The PHRR of the wool based composite
was the highest (596 kW/m2), and the PHRR of coffee husk added composite was the lowest
(394 kW/m2), amongst all the biomasses. The high PHRR of neat wool and low PHRR of
neat coffee husk (Table 7.4) might have contributed towards the respective PHRRs in the
composites. On the other hand, the neat rice husk, although, had low PHRR than neat wood,
its composite exhibited higher PHRR (501 kW/m2) than the wood based composite (449
kW/m2). The possible explanation for this behaviour is explained as follows. The biochar was
made from the same wood, which is used as one of the four biomasses. Production of biochar
retains the structure of the parent feedstock (in this case, wood) (Sun et al., 2012). Therefore,
it is possible that the biochar and wood were physically compatible with each other in the PP
matrix (Figure 7.4). The rice husk with a different morphology with the biochar in the PP
matrix, combusted with a greater severity (compared to wood based composite) without the
shielding effect of biochar and consequently increased the overall PHRR of the composite.
The prolonged combustion of wool (due to char formation) resulted in a THR similar to that
of the neat PP (97 MJ/m2) whereas wood, rice, and coffee husk had similar THR of ~90
MJ/m2 (Table 7.5). All the biomass based composites had lower TPHRR and TTI than those
of the neat PP, most probably due to an early onset of thermal decomposition and rapid
ignition of the biomasses (compared to neat PP) as observed in Tables 7.3 and 7.4. The CO2
production curves (Figure 7.3b) of the biomass based biochar composites mirrored the HRR
curves because CO2 was produced as long as the composites were burning. The rate of CO2
production was similar to the values of PHRR corresponding to each of the biomass in the
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composites. Hence, wool based composite had the highest rate of CO2 production whereas
coffee husk had the lowest. Wood and rice husk based composite had more or less similar
rate of CO2 production. The CO production increased beyond the discontinuance of CO2
production in all the biomass based composites. This can be attributed to the biochar in the
composite providing an insulating carbonaceous layer which facilitated an incomplete
combustion of polymer to produce less CO2 and more CO. It is interesting to note that the
HRR and gas production of the biomass and biochar based composites were significantly
lower than those of the neat PP. Moreover, the severity of mass loss of the biomass/biochar
composites is much less than that of the neat PP. Therefore, the addition of thermally stable
biochar in biomass added composites is beneficial when reaction-to-fire properties are
concerned. This is evident as wood added composite (without biochar) was previously
reported to have a PHRR of 568 kW/m2 (Zhang et al., 2012) and the addition of biochar
reduced the PHRR to ~21 % in the present study.

Figure 7.3. Cone calorimeter results of biomass added biochar composites
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Figure 7.4. Compatibility of biochar and wood in PP matrix

Table 7.5. Reaction-to-fire properties of biomass added biochar composites

Samples
Neat PP
RH+BC
CH+BC
WL+BC
WD+BC

Peak Heat
Total heat
Time to Release Rate
Time to PHRR
Release (THR)
Ignition (s)
(PHRR)
(TPHRR) (s)
(MJ/m2)
(kW/m2)
29.0 ± 2.0 1054.0 ± 120.0 97.0 ± 14.0
120.0 ± 18.0
17.0 ± 0.94 501.8 ± 15.9
90.8 ± 3.3
51.6 ± 2.7
16.3 ± 0.54 394.1 ± 3.5
90.8 ± 1.0
45.0 ± 0.0
16.3 ± 1.97 596.4 ± 29.2
97.6 ± 0.1
60.0 ± 4.7
17.3 ± 1.45 449.1 ± 3.2
87.5 ± 1.7
58.3 ± 7.2
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7.3.3 Mechanical properties of the composites
The tensile (tensile strengths and moduli) and flexural properties (flexural strengths and
moduli) of all the composites and neat PP are summarised in Table 7.6. Among the different
biomass added composites, the wood based sample had the highest tensile/flexural strength
values (36 MPa/67 MPa) and flexural modulus (4.4 GPa). Its tensile modulus (4.73 GPa) was
close second to that of the rice husk based composite (4.87 GPa). The tensile strength of rice
husk composite was similar to that of the neat PP (~32 MPa) but its flexural strength was
higher (62.6 MPa). In fact, the flexural strength and tensile/flexural moduli of all the biomass
based composites were higher than that of the neat PP. The good dispersion of the biochar in
the PP matrix and the biochar pore infiltration by PP (due to its high surface area of 336
m2/g) enhanced the stress transfer efficiency between the matrix and the constituents. In
addition, the inclusion of biochar with the biomasses reduced the deformability of the PP
which consequently enhanced the flexural strengths and tensile/flexural moduli. The tensile
properties of the composites can depend on the individual chemical composition of the
biomasses (Fidelis et al., 2013). The cellulose is the main component responsible for the
resistance of the biomass towards stress. This strong and stiff constituent of biomass (i.e.
cellulose) remains aligned with longitudinal axis of the fibres which contribute to the fibre’s
mechanical properties. The average amount of cellulose in the lignocellulosic biomasses is as
follows: pine wood 40-45% (Fengel and Grosser, 1975); rice husk 25-35 % (Luduena et
al., 2011); coffee husk 19-26 % (Bekalo and Reinhardt, 2010). Therefore, the wood based
composite had the highest resistance (consequently highest tensile strength) due to the highest
amount of cellulose in it. Similarly, the higher amount of cellulose in rice husk compared to
coffee husk resulted in better mechanical properties. In this research, short wool fibres
(average length: 2.8 mm) were used to manufacture the composites. This length was lower
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than the critical length of the wool (3.6 mm), which is essential for maximising the strength
properties of the resulting composites (Kim et al., 2014).

The addition of coffee husk and wool did not enhance the tensile and flexural strengths of the
composite. However, it improved the modulus (both tensile and flexural). This was due to the
reduction of intra-particle distances as a consequence of the inclusion of the higher amount of
reinforcing constituents (Ho et al., 2015). Application of rice husk to biochar/PP composite
had a positive correlation with flexural strength and tensile/flexural moduli. Out of all the
biomasses, wood seemed to have an overall favourable effect on all the tested mechanical
properties of biochar/PP composites. Past investigations which applied just the biomass
(loading amount of 30 wt%- similar to current study) along with PP in the composites
generally obtained inferior mechanical properties compared to what is observed in the present
study. Elsewhere, Stark and Rowlands, (2007) prepared wood/PP composites and they
reported the tensile/flexural strengths and tensile/flexural moduli to be 24.3 MPa/41.4 MPa
and 3.46 GPa/2.89 GPa, respectively. In another study by Rodríguez et al., (2003), coffee
husk/PP composites were reported to have a very low tensile strength and modulus of 12.4
MPa and 1.94 GPa, respectively. Rice husk/PP composites exhibited a tensile strength of
~=<25 MPa (Premalal et al., 2002; Yang et al., 2004) whereas wool/PP composites had
tensile strength and modulus of 34 MPa and 2.4 GPa (Kim and Bhattacharyya, 2016),
respectively. In the current investigation, the average tensile/flexural strengths and
tensile/flexural moduli for all the biomass and biochar based composites (combined) were
31.9 MPa/61.7 MPa and 4.3 GPa/4.05 GPa, respectively. Therefore, it can be observed that
except for wool, all other biomasses, when used to make PP composites without biochar
possess inferior mechanical properties. These observations point out the fact that biochar is
indeed beneficial for enhancing the mechanical properties of a biomass based composite. In
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addition, biochar plays an additional role in resisting flame propagation upon composite
combustion.

Table 7.6. Mechanical properties of the biomass added biochar composites compared with
neat PP

Samples

Tensile
Strength
(MPa)

Tensile Flexural Flexural
Modulus Strength Modulus
(GPa)
(MPa)
(GPa)

Neat PP
RH+BC
CH+BC
WL+BC
WD+BC

32.6 ± 0.2
32.7 ± 0.3
29.2 ± 0.2
29.9 ± 0.8
35.8 ± 0.1

1.5 ± 0.0
4.8 ± 0.1
4.2 ± 0.1
3.5 ± 0.0
4.7 ± 0.0

51.0 ± 0.0
62.6 ± 0.9
57.9 ± 0.8
57.0 ± 0.6
67.2 ± 0.2

1.6 ± 0.0
4.1 ± 0.0
4.3 ± 0.0
3.3 ± 0.0
4.4 ± 0.0

7.3.4 Microstructural analyses of tensile fractured surfaces and combustion chars of
composites
Scanning electron microscopy (SEM) was performed to gain an insight into the state of
manifestation of the biomasses in the PP matrix. The structural integrities of the chars
obtained after combustion in cone calorimeter were also analysed through SEM. From Figure
7.5, it can be observed that the rice husk had reasonable interfacial bonding with the PP aided
by 4 wt% MAPP whereas the bonding of wood and PP was strong. On the other hand, a clear
de-bonding from the PP matrix was observed with coffee husk. In the wool added composite,
the biochar particles were embedded within the wool fibres potentially hindering the
interaction of wool and PP. Hence, the tensile strength of wood composite was the highest
followed by rice husk and then coffee husk and wool (Table 7.6). The mechanical
interlocking of biochar with PP occurred in all the biomass added composites however in this
chapter, the interlocking of biochar/PP is shown only for rice husk added composite as an
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example (Figure 7.6). This interlocking is the likely reason for the enhanced tensile/flexural
moduli of the composites compared to the neat PP (Table 7.6).

Figure 7.5. SEM images of biomass added biochar composites

Figure 7.6. SEM image of mechanical interlocking of biochar and PP
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The SEM images of combustion chars of the biomass added composites are illustrated in
Figure 7.7. The chars of coffee husk and wood added with biochar seemed to be compact and
rigid whereas the chars of wool and rice husk were observed to have numerous holes and
fissures. These holes allowed the transport of O2 between the ambient environment and the
underlying materials. This might have been the reason for coffee husk and wood based
composites to have better reaction-to-fire properties (especially PHRR) than wool and rice
husk based composites (Table 7.5).

Figure 7.7. Char microstructure of biomass added biochar composites
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7.4

Summary

In this chapter, four biomass wastes (rice husk, coffee husk, course wool, and landfilled
wood) were added with biochar and PP to manufacture composites. The composites were
analysed for their fire and thermal properties using cone calorimetry and thermogravimetry.
Their tensile and flexural properties were also measured accordingly using Instron Universal
Testing Machine. The individual reaction-to-fire analysis of the neat biomasses revealed that
the coffee husk had the lowest PHRR value. However, upon fabrication of biochar based
composites with these biomasses, the wood based composite, was found to have the best
mechanical properties (tensile/flexural strength and moduli) and acceptable reaction-to-fire
characteristics (second lowest PHRR and the lowest THR) amongst the other biomasses.
Therefore, the wood was identified as the preferred biomass/co-reinforcement to be used
along with biochar for future manufacturing and development of biochar based composites.
However, further research is warranted where biochar prepared from rice husk, coffee husk,
and wool should be employed to make composites. It is recommended to observe if the parent
biomass is compatible with their respective biochars in the composite through the results of
reaction-to-fire and mechanical tests.
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8 Chapter 8: Effects of flame retardant types and
coupling agent on the properties of
biochar/polypropylene composites
This chapter has been extracted from the following manuscripts:


Das, O., Kim, N-K., Kalamkarov, A.L., Sarmah, A.K., Bhattacharyya, D., 2017.
Biochar to the rescue: balancing the fire performance and mechanical properties of
polypropylene composites. Polymer Degradation and Stability. 144:485-496.



Das, O., Bhattacharyya, D., Sarmah, A.K., 2016. Sustainable eco-composites obtained
from waste derived biochar: a consideration in performance properties, production
costs, and environmental impact. Journal of Cleaner Production. 129:159-168.

8.1

Introduction

Since ‘biocomposites’ are very susceptible to fire, fire retardant (FR) treatment is required to
comply with the strict regulation imposed by performance building codes which explicitly
encourage fire safety designs (Hadjisophocleous and Benichou, 1999). Although
application of conventional fire retardants (such as ammonium polyphosphate/APP, bromine,
Mg(OH)2, etc.) is beneficial for flammability properties, they compromise the biocomposite’s
mechanical properties (Arao et al., 2014; Subasinghe and Bhattacharyya, 2014). It is
desirable to have an overall enhancement of both flammability and mechanical properties for
a biocomposite. Hence, there is a need for developing biocomposites with reinforcements that
can mollify the reduction of mechanical properties due to the application of conventional fire
retardants while simultaneously not interfering or even aiding with the fire resistant
behaviour. High temperature biochar having a stable carbon backbone, porous honeycomb
structure, and lacking flammable volatiles was reported to have acceptable thermal stability
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as well as the ability to enhance biocomposite’s mechanical performance (Chapter 7).
Therefore, it is hypothesised that application of biochar in polymeric biocomposites could
provide a solution for the preservation of mechanical properties (in conjunction with
conventional FR) and enhancement of fire resistance concurrently.

The application of coupling agent (e.g. maleic anhydride grafted polypropylene/MAPP) is a
necessary step in the manufacturing of composites containing natural/bio-based constituents.
MAPP application is critical due to the difference of polarities between the polymer
(hydrophobic) and the natural/bio-based constituents (hydrophilic). Most of the
biocomposites manufactured as part of this work and elsewhere (Ayrilmis et al., 2015;
DeVallance et al., 2015) contained wood as the co-reinforcement. Although various methods
exist to treat fibre/bio-based constituent surface or the polymer in order to enhance their
adhesion and thus promote efficient load transfer, maleic anhydride treatment is the most
favoured and widely applied (George et al., 2001; Li et al., 2007). The advantages of MAPP
are that it potentially enhances mechanical and water absorption properties along with the
dimensional stability of the composite (Kim et al., 2015). Moreover, MAPP can be
integrated into the present compounding systems of composites. Several studies have
attempted to identify the optimum amount of MAPP: both Bos, (2004) and Keener et al.,
(2004) observed that about 3 wt% of MAPP was the most suitable for polypropylene
(PP)+flax and PP+agro fibre composites, respectively. Elsewhere, 2.5 wt % of MAPP was
reported to be the optimum amount for PP based wood fibre composites (Sain et al., 2004).
Similarly, Zampaloni et al., (2007) also found 3 wt % MAPP to be the most suitable to
allow proper adhesion in PP and kenaf fibre composites. Thus, most of the investigations
point to the fact that about 3 wt % of MAPP is widely accepted for promoting interfacial
adhesion between the PP and the constituent.
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A high temperature biochar (e.g. TCP 900 biochar used in this research) will have most of the
volatiles evolved from its pores; thus, its surface functionality (mainly aliphatic/hydroxyl
groups) would be drastically reduced. This nature of biochar would not possess much
functional group on its surface, especially a hydroxyl group. The anhydride carbonyl groups
(C=O) of the maleated polymers react with the surface hydroxyl groups of natural fibres/biobased constituents forming ester and hydrogen bonds. On the other hand, the polymeric
backbone of the maleated polymers creates a mechanical interlocking with the polymer
matrix due to their similar polarity (Bullions et al., 2004). Thus, when high temperature
biochar is added to polymeric biocomposites, the MAPP might not react with the biochar.
Therefore, it might be possible to use less than the usual amount of MAPP (3-5 wt %) when a
biocomposite is made with high temperature biochar (Sallih et al., 2014). Therefore, it is
possible to reduce the manufacturing cost as less MAPP can be used (in conjunction with
biochar) to maintain comparable mechanical and fire properties of the resulting
biocomposites.

This chapter aimed to investigate the effect of two different conventional fire retardants on
biochar based biocomposites. Furthermore, the effects of various loading amounts of MAPP
on the biocomposites were also determined. The first part of the chapter used the chosen
biomass from Chapter 7 to manufacture two batches of biochar/PP biocomposites having two
different types of conventional FRs: ammonium polyphosphate (APP) and magnesium
hydroxide/Mg(OH)2 (MgOH). Both the batches of biocomposites had the similar amount of
FRs but the amounts of the biomass and biochar were varied i.e. first sample set had less
biomass and more biochar, second sample set had more biomass and less biochar, and the
third set had equal amounts of biomass and biochar. All these biocomposite samples from
both batches were tested for their various fire, thermal, and mechanical properties. Finally,
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the micro-structures of fractured surfaces and char residues after combustion were analysed
morphologically.

In the second part of the chapter, composites were manufactured where the amount of MAPP
was gradually reduced from 3 wt % to 0 wt %. The hypothesis of the study is that due to the
lack of surface functional groups on the biochar, less than the conventional amount (3-5
wt %) of MAPP can be used to develop cheaper biocomposites while maintaining similar
mechanical and fire properties. Following the fabrication, the mechanical (tensile, flexural,
and micro-hardness) and fire/thermal (cone calorimetry and thermogravimetry) properties of
the resultant biocomposites were determined and compared with each other. The chemical
properties were also measured to determine the effect of MAPP and biochar on the
biocomposites. Scanning electron microscopy was used to conduct morphological analysis of
the fractured surfaces of the composites and a cost analysis was performed to determine the
reduction in the production costs of these biocomposites.

8.2

Composites manufacturing

The method of manufacturing of the composites was similar to what is explained in Chapters
3 and 7. Briefly, all the constituents were dry blended which was followed by melt
blending/compounding and finally injection moulding. The blend ratios for the first part of
the chapter is summarised in Tables 8.1 and 8.2 whereas the same for second part of the
chapter is indicated in Table 8.3.
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Table 8.1. Blend ratios of APP based composites

Samples

Wood
(wt %)

Biochar
(wt %)

APP
(wt %)

PP
(wt%)

MAPP
(wt%)

WD(l)+BC(m)+APP

10

24

20

42

4

WD(m)+BC(l)+APP

30

4

20

42

4

WD(e)+BC(e)+APP

20

14

20

42

4

Table 8.2. Blend ratios of Mg(OH)2 based composites

Samples

Wood
(wt %)

Biochar
(wt %)

Mg(OH)2
(wt %)

PP
(wt %)

MAPP
(wt%)

WD(l)+BC(m)+MgOH

10

24

20

42

4

WD(m)+BC(l)+MgOH

30

4

20

42

4

WD(e)+BC(e)+MgOH

20

14

20

42

4

Table 8.3. Blend ratios of composites containing different amounts of MAPP

Samples
3 MAPP
2 MAPP
1 MAPP
0 MAPP

Biochar
(wt %)
24
24
24
24

Wood
(wt %)
30
30
30
30
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PP
(wt %)
43
44
45
46

MAPP
(wt %)
3
2
1
0

8.3

Results and discussion

8.3.1 Effects of flame retardant types on the properties of composites
8.3.1.1 Thermogravimetric analysis (TGA) of FR added composites
Figure 8.1 presents the TGA curves of APP and MgOH added biochar and wood composites
compared with neat APP, neat MgOH, biochar, wood, and neat PP. Table 8.4 also illustrates
the TGA results for all the samples, such as the onset of decomposition temperature (T5%) and
the temperatures at the maximum mass loss rates (Tmax1 and Tmax2 obtained from the
derivatives of the mass loss curves). The biochar was the most thermally stable which
produced the highest amount of residues upon completion of the reaction. This behaviour of
biochar can be attributed to its cross-linked nature with C-C covalent bonds amongst the
carbon molecules. The neat PP decomposed completely leaving no residues whereas the
wood started its degradation (~200 °C) the earliest leaving very little amount of residues. The
wood decomposition maxima at ~333 °C and at ~453 °C were due to the degradation of
cellulose and lignin, respectively (Das, 2010). The APP mainly contains phosphorous and
nitrogen which decomposed through swelling reactions producing phosphoric acids (HPO3)n
and ammonia (NH3) (at ~ 260-350 °C). The phosphoric acid in turn reacted with the polymer
(C3H6)n yielding phosphate ester at ~360-420 °C. Above 500 °C, the ester (which can also
react with the hydroxyl groups of biomass) catalysed the char formation. The char finally
underwent oxidation losing some of its mass (Kim and Bhattacharyya, 2016). In the APP
based composite samples, the amount of APP was kept constant at 20 wt% whereas the
amounts of biochar and wood were varied (Table 8.1). The composite [WD(l)+BC(m)+APP]
having higher amount of biochar (and lower wood) was found to generate the highest amount
of residues whereas the composite [WD(m)+BC(l)+APP] having higher amount of wood (and
lower biochar) yielded the lowest amount of residues. The amount of residue was in between
the residues of the aforementioned samples in the case of WD(e)+BC(e)+APP. Therefore, it
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can be inferred that the amount of residues is a factor of the amount of thermally stable
biochar in the composite, irrespective of the presence of APP.

The other batch of composites were added with Mg(OH)2 as the FR. The fire retarding
mechanism of Mg(OH)2 relies on cooling of the polymer surface through endothermic
dehydration and water generation. The propagating flame is diluted with this water vapour. In
the mass loss curve of Mg(OH)2, a single decomposition event was seen at 420 °C which was
the result of water elimination by dehydration of the Mg(OH)2 forming MgO (L'vov et al.,
1998). The decomposition trends of the Mg(OH)2 added composites were similar to the APP
added composites: the sample having more biochar produced more residues. However, the
amount of residues was somewhat lower in the case of the Mg(OH)2 added composites as
compared to the APP added composites. Therefore, the intumescent natured APP was more
effective in imparting thermal stability (in oxygen limited conditions) in the composites than
the mineral based flame retardants. A plausible explanation could be that APP started
decomposing at ~270 °C whereas Mg(OH)2’s initiation of decomposition occurred at
~383 °C. Hence, APP already started its mechanism of char formation much before Mg(OH)2
initiated its own. Another probable reason is APP formed char which added up to the total
amount of residues whereas Mg(OH)2 did not create any char. As a result, APP added
samples had higher residues in TGA than Mg(OH)2 based counterparts.
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Figure 8.1. TGA analysis (Mass loss curves) of APP (a) and MgOH (b) added composites

Table 8.4. TGA results of APP and MgOH added composites

Samples

T5%
(°C)

Tmax1
(°C)

Tmax2
(°C)

Neat PP

258.9

-

387.8

Biochar (BC) (TCP 900)

-

-

535.4

Wood (WD)

199.5

332.9

452.9

APP

271.8

332.0

522.6

MgOH

383.3

-

420.0

WD(l)+BC(m)+APP

320.0

368.2

430.6

WD(m)+BC(l)+APP

303.5

369.1

451.4

WD(e)+BC(e)+APP

308.3

372.3

422.2

WD(l)+BC(m)+MgOH

311.8

374.7

435.5

WD(m)+BC(l)+MgOH

309.7

376.3

473.0

WD(e)+BC(e)+MgOH

313.1

377.4

442.9
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8.3.1.2 Reaction-to-fire properties of FR added composites
Table 8.5 summarises the reaction-to-fire properties for the APP based composites. The
important cone calorimeter parameters of the same composites are indicated in Figure 8.2.
The neat PP had a sharp and high HRR peak (PHRR= 1054 kW/m2) as it rapidly burnt owing
to its hydrocarbon backbone. All the composite samples had PHRRs which was ~60-65%
lower than that of the neat PP (Table 8.5). The PHRR of the composite having more amount
of biochar and less wood [sample WD(l)+BC(m)+APP] was the lowest at 376 kW/m2
whereas the composite with more wood and less biochar [sample WD(m)+BC(l)+APP] was
the highest at 427 kW/m2. The sample containing equal amounts of biochar and wood had a
PHRR (410 kW/m2) which was between the two aforementioned samples. The combustion
trend was similar to thermal decomposition behaviour as observed in Figure 8.1 where a
higher amount of biochar in the composite resulted in a higher amount of residues. The
amount of biochar in the composite also affected the THR values as the one with higher
biochar had the lowest THR (79.5 MJ/m2) and vice versa. The TPHRR and TTI values were
more or less equal to each other. From Figure 8.2a, it can be seen that all the composites
combusted with a dual HRR peak. The second peak is attributed to the breakages and fissures
in the char formed, which accelerated the burning consequently raising the HRR again.
However, the second HRR peak was subdued in the composite having more biochar and less
wood (Figure 8.2a). All the composite samples produced significantly less CO2 compared to
the neat PP. From Figure 8.2b, it can be observed that the higher biochar amount had a
positive correlation regarding the CO2 productions. The carbonaceous char layer formed by
the combination of intumescent APP and biochar conceded an incomplete reaction of PP
which resulted in higher CO production (compared to neat PP) beyond the abatement of CO 2
production (Figure 8.2c). From Figure 8.2d, the amount of residues remaining followed the
order: WD(l)+BC(m)+APP > WD(e)+BC(e)+APP > WD(m)+BC(l)+APP > neat PP which
221

corroborates the TGA mass loss curves as observed in Figure 8.1a. From the above
discussion, it is clear that biochar inclusion was responsible for the enhancement of reactionto-fire properties of the composites as the APP amount was kept constant (20 wt%) in all the
blends. Moreover, due to the application of intumescent char forming APP, the PHRR and
THR of all the composites (PHRR range=376-426 kW/m2; THR range= 79-82 MJ/m2) was
reduced compared to wood and biochar composite without APP (PHRR= 449 kW/m2; THR=
87.5 MJ/m2, Table 7.5 in Chapter 7).

Figure 8.2. Cone calorimeter results of APP added composites

222

Table 8.5. Reaction-to-fire properties of APP added composites

Samples

Time to
Ignition (s)

Neat PP
WD(l)+BC(m)+APP
WD(m)+BC(l)+APP
WD(e)+BC(e)+APP

29.0 ± 2.0
16.3 ± 0.5
14.6 ± 0.5
15.3 ± 0.5

Peak Heat
Total heat
Time to
Release Rate
Release (THR)
PHRR
(PHRR)
2)
(MJ/m
(TPHRR)
(s)
(kW/m2)
1054.0 ± 120.0 97.0 ± 14.0 120.0 ± 18.0
376.2 ± 1.0
79.5 ± 2.0
50.0 ± 0.0
426.7 ± 6.2
82.5 ± 0.7
51.6 ± 2.7
410.8 ± 5.3
81.7 ± 0.9
51.6 ± 2.7

The cone calorimeter results of the Mg(OH)2 added composites showed that the combustion
behaviour among the different blends followed the same pattern as the APP based composites
(Table 8.6 and Figure 8.3). PHRRs and CO2 productions of all the Mg(OH)2 based
composites were much lower than those of the neat PP. A higher amount of biochar in the
composites enhanced the reaction-to-fire properties such as the lowest PHRR/THR, CO2
production, and mass loss (Table 8.6, Figures 8.3a, 8.3b and 8.3c). The mass loss trend of
Mg(OH)2 added composites corroborated the mass loss curved obtained from TGA (Figure
8.1b). However, the HRR curves of the Mg(OH)2 based composites had only one peak as
opposed to two peaks in the APP added composites. This can be attributed to the fact that
APP stimulated the formation of char layer whose breakage caused the second HRR peak. On
the other hand, Mg(OH)2 functioned by releasing water to dilute the flame propagation. The
absence of induced char layer in Mg(OH)2 composites eliminated the possibility of a second
HRR peak. In general, the PHRR of Mg(OH)2 composites were slightly lower than the APP
added composites. In the scanning electron micrographs (shown subsequently), it was
observed that some of the both APP and Mg(OH)2 particles were trapped inside the pores of
biochar particles. As a result, some APP particles were not accessible to the PP and wood to
cause char formation through esterification. Although some Mg(OH)2 particles were trapped
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inside biochar pores, its mechanism of reaction through gas phase reaction (releasing water)
was more effective than condensed phase reaction of APP. Hence, it can be inferred that
Mg(OH)2 performs better in gas phase rather than condensed phase (in the case of APP) in
conjunction with biochar under radiative heat. These findings indicate that, whatever the fire
retardant is, having higher or equal amount of biochar (than the biomass) in a biomass based
composite is beneficial for combustion related properties.

Figure 8.3. Cone calorimeter results of MgOH added composites
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Table 8.6. Reaction-to-fire properties of MgOH added composites

Peak Heat
Total heat
Time to
Time to
Release Rate
Release
Samples
PHRR
Ignition (s)
(PHRR)
(THR)
(TPHRR) (s)
(KW/m2)
(MJ/m2)
Neat PP
29.0 ± 2.0 1054.0 ± 120.0 97.0 ± 14.0 120.0 ± 18.0
WD(l)+BC(m)+MgOH 17.6 ± 0.5
333.3 ± 3.0
86.7 ± 0.8
53.3 ± 2.7
WD(m)+BC(l)+MgOH 18.0 ± 1.8
423.9 ± 3.8
93.6 ± 1.4
55.0 ± 0.0
WD(e)+BC(e)+MgOH 17.6 ± 0.5 385.6 ± 12.4
90.6 ± 1.6
55.0 ± 0.0

8.3.1.3 Limiting oxygen index (LOI) of FR added composites
The limiting oxygen index (LOI) of a material is the minimum amount of oxygen required to
sustain burning. Therefore, it is desirable to have higher LOI as it represents better flame
resistance. All the prepared composites have significantly higher LOIs (22.1-23.9%) than that
of the neat PP (18.6%), which is desirable (Table 8.7). Moreover, it can be seen that the
nature of LOI results was similar to the reaction-to-fire properties obtained from cone
calorimeter and TGA. In both APP and Mg(OH)2 based composites, higher LOI was
observed in blends having higher amount of biochar, although the difference was not that
significant. In APP added samples, the presence of carbonaceous biochar and charring effect
of APP created a beneficial char layer which disenabled the flame propagation. On the other
hand, the release of water by Mg(OH)2 in conjunction with biochar presence required higher
oxygen concentration to sustain their combustion. It is interesting to note that APP based
samples have somewhat higher LOI than Mg(OH)2 based counterparts. The formation of char
by APP was observed to be more effective in flame retardation than the flame dilution by
dehydration of Mg(OH)2. LOI involves direct flame application on the composite samples
and the flame temperature of ~1970 °C was high enough to disrupt the biochar particle
structure, exposing some of the trapped FRs inside. APP particles being free (unlike in cone
calorimeter test where the temperature was 750 °C), were more efficient than Mg(OH)2 in
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forming the char layer. Therefore, APP based samples probably had, to some extent, better
LOI values than their Mg(OH)2 counterparts.

Table 8.7. LOI analysis of FR added composites

Samples

Average Limiting O2 Index (%)

Neat PP
WD(l)+BC(m)+APP
WD(m)+BC(l)+APP
WD(e)+BC(e)+APP
WD(l)+BC(m)+MgOH
WD(m)+BC(l)+MgOH
WD(e)+BC(e)+MgOH

18.6 ± 0.3
23.9 ± 0.1
23.6 ± 0.0
23.8 ± 0.0
22.9 ± 0.1
22.1 ± 0.05
22.2 ± 0.05

8.3.1.4 Mechanical properties of FR added composites
It is well known that addition of conventional FRs deteriorate the mechanical properties of
polymeric composites, especially the tensile strength (Subasinghe and Bhattacharyya,
2014). However, it was hypothesised that inclusion of biochar (due to mechanical, i.e.
physical, bonding/interlocking with PP) with conventional FRs could preserve or improve the
mechanical properties. From Table 8.8, it can be observed that APP based composites having
more wood and less biochar exhibited a slightly better tensile/flexural strength compared to
the blends having more biochar and less wood. The tensile/flexural moduli, on the other
hand, were not affected due to the variance in the proportion of wood and biochar in the
blends. Similar trend was found in Mg(OH)2 based composites. Some of the APP and
Mg(OH)2 particles were trapped inside the pores of the biochar. Therefore, a steady flow of
molten PP through the biochar pores was restricted. The PP had to flow around the APP and
Mg(OH)2 particles and as a result the effectiveness of the mechanical interlocking/bonding
between biochar and PP was compromised. Another reason could be the effective interfacial
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(i.e. chemical) bonding between the wood and the PP through MAPP which was absent in
biochar because of the lack of surface functional groups. Therefore, the composite blends
having more biochar and less wood have somewhat lower tensile/flexural strength than those
of having higher wood proportion. The APP/Mg(OH)2 blends having a higher amount of
wood compared to biochar were found to have slightly higher tensile/flexural strength than
the neat PP. The blends which had more biochar than wood preserved the tensile strength of
the composites while significantly improving the flexural strength than that of the neat PP.
The tensile/flexural moduli of all the APP/ Mg(OH)2 based composites were drastically
enhanced. Kim et al., (2015) and Kim and Bhattacharyya, (2016) reported similar
observations in APP added wool/PP composites. Not much variance was observed between
APP and Mg(OH)2 based composites with regards to their tensile/flexural strengths and
moduli. However, WD(m)+BC(l)+APP had a flexural strength of 63 MPa compared to the
flexural strength of 60 MPa in WD(m)+BC(l)+MgOH. From the reported mechanical results,
it can be concluded that application of conventional FRs in conjunction with biochar could
potentially enhance the reaction-to-fire properties and flammability of the composite while
not negatively affecting the mechanical performances.
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Table 8.8. Mechanical properties of FR added composites

Samples
Neat PP
WD(l)+BC(m)+APP
WD(m)+BC(l)+APP
WD(e)+BC(e)+APP
WD(l)+BC(m)+MgOH
WD(m)+BC(l)+MgOH
WD(e)+BC(e)+MgOH

Average
Tensile
Strength
(MPa)
32.6 ± 0.2
30.2 ± 0.4
33.1 ± 0.1
31.4 ± 0.1
30.6 ± 0.1
33.1 ± 0.2
31.0 ± 0.2

Average
Tensile
Modulus
(GPa)
1.5 ± 0.0
4.9 ± 0.4
4.7 ± 0.4
5.1 ± 0.4
4.7 ± 0.0
4.8 ± 0.2
4.6 ± 0.1

Average
Flexural
Strength
(MPa)
51.0 ± 0.0
57.0 ± 0.5
63.6 ± 0.4
60.9 ± 0.3
56.0 ± 0.2
59.8 ± 0.9
58.2 ± 0.0

Average
Flexural
Modulus
(GPa)
1.6 ± 0.0
4.3 ± 0.0
4.3 ± 0.0
4.3 ± 0.0
4.5 ± 0.0
4.5 ± 0.0
4.5 ± 0.0

8.3.1.5 Microstructural analyses of tensile fractured surfaces and combustion chars of
the FR added composites
Scanning electron microscopy (SEM) was performed to gain an insight into the state of
manifestation of the biomass, biochar, APP, and Mg(OH)2 particles within the PP matrix. The
structural integrities of the chars obtained after combustion in cone calorimeter were also
analysed through SEM. In Figure 8.4, the mechanical interlocking/bonding of biochar
particles with PP can be clearly observed in every APP based composite blends. However,
the flow of the PP through the biochar pores was inconsistent due to the APP entering the
pores through a competitive mechanism with PP. In all the three blends, the flow of PP was
sometimes around the APP particles, and as a result, voids can be seen inside the pores of the
biochar particles (Figures 8.4a, 8.4b and 8.4c). This led to the blends having a higher
proportion of biochar than wood to have somewhat lower tensile/flexural strength than the
blends with less biochar and more wood (Table 8.8). In Figure 8.4d, a good interfacial
bonding was observed between wood and the PP matrix. A combined effect of good
interfacial bonding between wood and PP (due to a higher proportion of wood) and the
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inconsistent flow of PP through biochar pores resulted in the WD(m)+BC(l)+APP sample to
have the highest tensile/flexural strength among the other two blends.

Figure 8.4. SEM images of APP added composites (tensile fracture)

In the Mg(OH)2 composites, the tensile fractured surfaces were seen to have similar nature
with APP added composites (Figure 8.5). In all the three blends, the Mg(OH)2 particles were
trapped inside the biochar pores which obstructed a continuous flow of PP through these
pores. Hence, the mechanical interlocking/bonding between biochar and PP was weakened.
This caused the blends having more biochar and less wood to have lower tensile and flexural
strengths (Table 8.8). Nonetheless, as the fire retardant mechanism of Mg(OH)2 is mostly a
gas phase reaction, it was probably possible to release water (and cause its transport outward)
even from inside a biochar pore. The APP particle, depending on condensed phase reaction to
form a carbonaceous char, was less effective in causing esterification with the help of
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phosphoric acid. As a result, the PHRRs of Mg(OH)2 based composites were somewhat better
(lower) than the APP based composites (Tables 8.5 and 8.6).

Figure 8.5. SEM images of MgOH added composites (tensile fracture)

The SEM images of combustion chars of the FR added composites are illustrated in Figures
8.6 (APP based) and 8.7 (Mg(OH)2 based). The APP based composites which had more
biochar and less wood was seen to possess more compact and dense char structure after
combustion compared to the composites with less biochar and more wood. As the proportion
of biochar reduced and the amount of wood increased in the blends, the number and sizes of
holes became larger and bigger on the char surface (Figures 8.6a, 8.6b and 8.6c). As a result,
the PHRR of the blends followed the order: WD(l)+BC(m)+APP < WD(e)+BC(e)+APP <
WD(m)+BC(l)+APP. An energy-dispersive X-ray spectroscopy (EDS) of the char surfaces
revealed the presence of a phosphorous element which was produced by the APP (Figure
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8.6d). Similar observation (with respect to char structure) was made in the Mg(OH)2 based
composites (Figures 8.7a, 8.7b, and 8.7c) and EDS analysis of the char showed the presence
of Mg which was from the MgO produced from the dissociation of Mg(OH)2 (Figure 8.7d).
From Figures 8.6 and 8.7, it is clear that having more biochar in proportion to wood in the
composite produced a char after combustion which was more compact, rigid, and dense as
there is a dearth of holes or fissures on them. The thermally stable carbonaceous biochar
contributed towards an additional layer of char which consequently reinforced the structural
integrity. Due to this, the blends having more biochar than wood were found to have lower
PHRR/THR and higher LOI which represents better flame resistance (Tables 8.5, 8.6, and
8.7).

Figure 8.6. Char microstructure of APP added composites
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Figure 8.7. Char microstructure of MgOH added composites

8.3.2 Effects of coupling agent (MAPP) amount on the properties of composites
8.3.2.1 Fourier transform infrared (FT-IR) of composites
The infrared spectra of the individual constituents are presented in Figure 8.8a. The spectrum
for the biochar lacked the presence of any surface functional group. This is attributed to the
condition at which it was prepared (pyrolysis at 500 °C and activation at 900 °C for 60 min).
This prolonged heat treatment has evolved all the volatiles from the pores of the biochar. The
wood spectrum, on the other hand exhibited a number of significant surface functional groups
such as C-O group, hydroxyl (–OH) stretch, and a weak aliphatic (C-H) stretch at ~1000,
3000-3600, and 2800-2900 cm-1, respectively. The PP spectrum was similar to the spectrum
of MAPP, with the exception of a peak at 1700 cm-1. This peak at 1700 cm-1 is attributed to
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the carbonyl stretching (Zhou et al., 2013). Rest of the peaks, common in both PP and MAPP
were at 2900 cm-1 which was due to asymmetrical CH2 bend; and at 1375 and 1450 cm-1 due
to asymmetrical and symmetrical CH3 bends, respectively. From the spectra of the individual
constituents, it can be inferred that the carbonyl peak of MAPP at 1700 cm-1 would create
ester bonds with the hydroxyl group (–OH) of the wood, while the PP would engage in
mechanical interlocking with PP backbone of MAPP (Bullions et al., 2004). This would
facilitate a chemical interaction between the PP and the wood; however, the dearth of
functional group in the biochar would not allow a reaction with the carbonyl group of MAPP.

The surface functionalities of the composites are illustrated in Figure 8.8b. It can be observed
that the almost all the functional groups present in all the composite samples were mostly
contributed by the PP and some by the wood. All the composite samples exhibited a subdued
C-O peak at ~1000 cm-1 due to the inclusion of wood and lack of hydroxyl group. No other
peak shifted its position from the neat PP spectrum. This revealed a lack of chemical
interaction of PP with the biochar. In the 0 MAPP sample, there was also no evidence of peak
shift, which points to the fact that without MAPP, chemical interaction of PP and wood may
not occur. The biochar can however, be functionalised using different acids to bestow it with
specific functional groups (Mubarak et al., 2013). Further study is warranted with
functionalised biochar to manufacture polymeric composites.
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Figure 8.8. FT-IR analysis (a. Individual constituents, b. Composites) of composites

8.3.2.2 X-Ray diffraction (XRD) of composites
The XRD spectra of all the composite samples are presented in Figure 8.9. It can be seen that
in all the composite samples, the distinct peaks were due to the inclusion of PP in the
composite. The broad humps of both biochar and wood were not visible in all the composite
samples because of being overlapped by the PP peaks. It is interesting to note that the
intensity of the peak at ~16o increased gradually as the amount of MAPP was reduced in the
composite samples. The peak intensity at ~16o was the lowest in 3 MAPP whereas it was the
highest in 0 MAPP. From Table 8.3, it can be seen that as the amount of MAPP was reduced
in the composite samples, the loading amount of PP was correspondingly increased. Thus, 3
MAPP had the lowest amount of PP in the composite whereas 0 MAPP had the highest. The
increase in the intensity of the peak at ~16o is thus, a result of enhancement of semicrystalline PP amount in the composite.
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Figure 8.9. XRD analysis of composites

8.3.2.3 Thermogravimetric analysis (TGA) of composites
The TGA curves of the composite samples are indicated in Figure 8.10. Table 8.9 also
illustrates the TGA results for all the samples, such as the onset of decomposition
temperature (T5%) and the temperatures at the maximum mass loss rates (Tmax1 and Tmax2
obtained from the derivatives of the mass loss curves). Except for 3 MAPP sample, all other
samples started decomposing at ~313 °C. It can be observed that there were two distinct mass
loss steps in the entire decomposition profile of the composites: one at ~370 °C and other at
~450 °C. Since the composite contained wood, the mass loss ~370 °C is attributed to the
decomposition of cellulose whereas the mass loss at ~410-450 °C was due to the degradation
of PP. However, a hemicellulose shoulder, which is typically observed in TGA profile of
wood, was not seen in the present study. A possible reason is that the wood used was sourced
from landfill pine wood. The hemicelluloses which are made of branched five carbon sugars
might have already degraded under harsh environmental conditions before its incorporation
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in the composite (Das., 2010). The samples more or less had similar amount of residues (~25
wt%).

In all the samples, irrespective of the loading amounts of MAPP, the decomposition
temperatures of cellulose remained similar at ~370 °C. On the other hand, the decomposition
maximum due to the degradation of PP was affected by the amount of MAPP in the
composites. From Table 8.9 it can be observed that as the amount of MAPP increased in the
composites, the decomposition maximum of PP occurred at a lower temperature. Thus, the
temperature of decomposition maximum of the PP according to the loading level of MAPP
followed the order: 0 MAPP > 1 MAPP > 2 MAPP > 3 MAPP. This behaviour is explained
by the following postulation. It is a well-known fact that solids are the best conductors of heat
whereas air (or vacuum or gap) is the worst. The presence of MAPP in the composite
facilitated the development of an interfacial bonding between the wood and the PP. Due to
the existence of this bridge, the heat dissipated faster in the composite samples having higher
loading amounts of MAPP. However, samples which had lower amount of MAPP or have no
MAPP, the interfacial bonding was inferior. The weak interfacial bonding created a gap (debonding) between the wood and the PP and consequently the efficient dissipation of heat was
hindered. Therefore, the 3 MAPP sample, having the highest amount of MAPP exhibited PP
decomposition maximum at ~410 °C whereas the 0 MAPP sample, having no MAPP, had the
PP decomposition maximum at ~447 °C. Similar observation was made by El-Sabbagh.,
(2014), where the PP based natural fibre composite samples underwent decomposition at
lower temperatures having higher amount of MAPP in them. In another study by Lee et al.,
(2009), thermal stability of bamboo fibre/PP composites was also observed to be decreasing
with increasing amount of MAPP.
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Figure 8.10. TGA analysis of composites

Table 8.9. TGA results of composites

Samples

T5% (°C)

Tmax1 (°C)

Tmax2 (°C)

0 MAPP

314.9

368.5

447.1

1 MAPP

314.2

369.1

440.9

2 MAPP

313.5

369.2

428.2

3 MAPP

302.4

367.9

409.6

8.3.2.4 Mechanical properties of composites
The mechanical properties (tensile, flexural, and micro-hardness) of all the composites are
presented in Table 8.10 and are compared with the neat PP. It can be seen that the tensile
strengths of 3 MAPP, 2 MAPP, and 1 MAPP were higher than that of the neat PP. Thus, the
addition of biochar and wood in a composite is capable to enhance the tensile strength of a
polymer significantly. The values of tensile strengths of 3 MAPP, 2 MAPP, and 1 MAPP
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were 37.24, 37.76, and 36.66 MPa, respectively. Statistical analysis using ANOVA and post
hoc analysis (please see Appendix B) revealed that the difference in the means of the tensile
strength of 3, 2, 1 MAPP samples were insignificant. On the other hand, the tensile strength
of 0 MAPP (27.82 MPa) was lower than all other samples. From these observations, it can be
inferred that the amount of MAPP in biochar added wood/PP composite can be lowered to 1
wt% without compromising its tensile strength. The reason for the retention of tensile
strengths in composites having lower (1-2 wt %) MAPP is discussed in detail subsequently in
the morphological analysis section. Tensile strength value mainly depends on the quality of
bonding (chemical, physical, adsorption, electrostatic forces, etc.) between the polymer
matrix and the constituents in the composite (Hornsby, 2003). The 0 MAPP sample
contained wood (30 wt %) which failed to adhere to the PP due to the absence of any
interfacial bond causing MAPP in the composite. Consequently, its tensile strength value was
lower compared to the composites containing MAPP.

The tensile moduli of all the composite samples were significantly higher than that of the neat
PP. Thus, the addition of wood and biochar in polymeric material would result in a composite
having high values of tensile modulus. The values of tensile modulus of all the composite
samples (having different amounts of MAPP) were similar in nature. It was seen from the
ANOVA analysis (please see Appendix B) that the difference in means of tensile moduli of 3,
2, 1, and 0 MAPP samples were statistically insignificant. Therefore, it can be stated that
even without any compatibiliser, the tensile moduli of a biochar added wood/PP composite
can be retained to satisfactory value (compared to a composite having MAPP).

It can be observed that the addition of biochar to wood/PP composite significantly improved
the flexural strength compared to that of the neat PP. The flexural strength of a composite
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depends on factors such as particle dispersion, wetting, and infiltration of molten polymer in
the particles. The high surface area and porous nature of biochar (336 m2/g) allowed molten
polymer to flow into the pores, causing a mechanical interlocking. Therefore, even without
the MAPP, the flexural strength of the composite (0 MAPP= 57.4 MPa) was higher than that
of the neat PP (51.08 MPa). The composites with MAPP, namely 3, 2, and 1 MAPP had
flexural strength values of 75.12, 73.00, and 72.12 MPa, respectively. ANOVA analysis
revealed that the flexural strength of 0 MAPP was significantly different to all other samples.
However, although ANOVA showed that the flexural strength of 3 MAPP was significantly
different from that of the 1 MAPP (please see Appendix B), their values were more or less
similar to each other.

The values for flexural moduli followed a similar trend compared to the values of flexural
strength. The entire range of composites had significantly higher flexural moduli compared to
the neat PP. The composite without any MAPP (0 MAPP) also exhibited higher flexural
modulus values when compared to the value of the neat PP. However, from the ANOVA
analysis (please see Appendix B), it was observed that, statistically, the flexural modulus
value of 3 MAPP was significantly different from all the other composites. Furthermore,
ANOVA analysis showed that the modulus of 0 MAPP was significantly different from those
of 3 and 2 MAPP. Therefore, from the flexural test results it can be inferred that although,
statistically different, the amount of MAPP can be lowered to 1 wt % from 3 wt % while still
maintaining comparable flexural strength and moduli. Flexural strength of 3 MAPP (75.12
MPa) ~ 1 MAPP (72.12 MPa) whereas flexural modulus of 3 MAPP (5.3 GPa) ~ 1 MAPP (5
GPa).
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The micro-hardness values of all the composite samples were determined using a Vickers
hardness tester. The indentation was placed near the interfacial region of both wood and the
biochar, and the values were recorded accordingly. Vickers test was deemed to be more
suitable than nanoindentation to determine the mechanical properties of the interfacial region
because of the nano-sized tip of a nanoindenter would reflect the constraining effect of the
neighbouring wood or biochar particles (Chapter 5). The Vickers test takes into account the
synergistic effect of all the constituents, and thus, it was a true representation of the
mechanical properties near the interface of wood and biochar with the PP matrix. The
addition of biochar significantly improved the micro-hardness value of composites compared
to that of the neat PP. It was seen that the composites having 3, 2, and 1 wt % MAPP all had
statistically (please see Appendix B) similar values for Vickers micro-hardness. However, the
composite with no MAPP had significantly lower micro-hardness value (among the other
composite samples). The absence of MAPP in 0 MAPP sample was responsible for the lack
of interfacial bonding between wood and the PP. Consequently, its micro-hardness value was
lower amongst all the samples. On the other hand, it is interesting to note that the amount of
MAPP (in a biochar based composite) can be reduced to 1 wt % from 3 wt % without
compromising its micro-hardness value.
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Table 8.10. Mechanical properties of composites

Samples

Tensile
Strength
(MPa)

Tensile
Modulus
(GPa)

Flexural
Strength
(MPa)

Flexural
Modulus
(GPa)

MicroHardness
(GPa)

Neat PP

32.6 ± 0.2

1.5 ± 0.0

51.0 ± 0.0

1.6 ± 0.0

0.06 ± 0.01

0 MAPP 27.8 ± 0.2

5.2 ± 0.3

57.4 ± 0.1

4.8 ± 0.0

0.15 ± 0.01

1 MAPP 36.6 ± 0.1

5.5 ± 0.2

72.1 ± 0.1

5.0 ± 0.0

0.21 ± 0.01

2 MAPP 37.7 ± 0.1

5.7 ± 0.2

73.0 ± 0.7

5.1 ± 0.0

0.22 ± 0.01

3 MAPP 37.2 ± 0.5

5.6 ± 0.3

75.1 ± 0.8

5.3 ± 0.0

0.21 ± 0.00

8.3.2.5 Reaction-to-fire properties of composites
Combustibility of composites is an important consideration with respect to the environment
and public health/safety. Therefore, an investigation of the fire properties of the developed
biochar added composites becomes imperative. Table 8.11 summarises the cone calorimeter
data of the tested biochar/wood/PP composite samples, such as time to ignition (TTI), peak
heat release rate (PHRR), and total heat release (THR). Figures 8.11a, 8.11b, 8.11c, and
8.11d indicate the curves for heat release rate (HRR), CO2 production, CO production, and
sample mass loss %, respectively. The intensive combustion of neat PP was represented by a
sharp HRR peak and a very high PHRR value (1054 kW/m2) (Figures 8.11a and Table 8.11).
However, in general, the addition of biochar and wood, irrespective of the amount of MAPP,
significantly reduced the PHRR of the composites. The high thermal stability of biochar
contributed towards more than 50 % reduction in the PHRR value (average PHRR of biochar
based composites irrespective of MAPP amount= 465 kW/m2). In addition, the biochar added
composites also produced significantly lower amounts of CO2 and CO compared to the neat
PP (Figures 8.11b and 8.11c). The mass loss of the composites post combustion was less than
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that of the neat PP (Figure 8.11d). The THR of the 2 and 3 MAPP samples were slightly
lower than those of 0 and 1 MAPP composite samples (Table 8.11). The presence of C-C
covalent bonds and cross-linked carbon molecules in the biochar might have imparted
thermal stability to the composite by hindering the rapid propagation of radiant heat into the
virgin PP.

The flammability properties of the composite samples containing different amounts of MAPP
did not significantly vary in terms of PHRR, CO/CO2 production, and mass loss %. One of
the most important fire properties of composites in cone calorimeter test is the PHRR value.
An ANOVA analysis of the PHRR values (Table 1.7 in Appendix B) of the composites with
different amounts of MAPP revealed that the Fisher value was lower than the critical Fisher
value, thus, indicating insignificant different between the means of PHRR of 0, 1, 2, and 3
MAPP samples. Furthermore, Figures 8.11a shows the similar trend of the heat release rates
of the 0, 1, 2, and 3 MAPP composite samples. The CO2 production behaviours of the
composite samples were similar to the HRR curves: both heat release and CO2 production of
composites ceased at ~300 s, implying that as long as composites were combusting, CO2 was
produced (Figures 8.11b). The CO production, on the other hand was similar to the CO2
production until 300 s; however, the amount increased thereafter (Figures 8.11c). The
increment of CO even after discontinuation of CO2 production can be attributed to the
incomplete combustion of PP due to impervious biochar. It is hypothesised that due to the
presence of thermally stable biochar in the composite, the reaction of pyrolysis gases with O2
was interfered with which consequently produced less CO2 and more CO (Jiao and Chen,
2010). From the aforementioned results, it is interesting to note that in terms of
combustibility, there did not appear to be substantial difference in the value of PHRR
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amongst the composites, thus allowing reduction of MAPP amount to 1 wt% from 3 wt%
without affecting the fire properties of the composites.

Table 8.11. Reaction-to-fire properties of composites

Samples

Time to
Ignition
(TTI) (s)

Peak Heat
Release
Rate
(PHRR)
(kW/m2)

Total
Heat
Release
(THR)
(MJ/m2)

Time to
PHRR
(TPHRR)
(s)

0 MAPP 20.6 ± 1.4 475.0 ± 4.9 107.6 ± 4.9 66.6 ± 2.7
1 MAPP 19.6 ± 1.0 469.8 ± 8.0 105.5 ± 4.6 61.6 ± 2.7
2 MAPP 19.0 ± 0.9 457.2 ± 3.9

88.7 ± 5.0

53.3 ± 5.4

3 MAPP 19.0 ± 0.9 459.9 ± 8.0

93.8 ± 5.4

56.6 ± 2.7

Figure 8.11. Cone calorimeter results of composites
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8.3.2.6 Microstructural analyses of tensile fractured surfaces of composites
The tensile fractured surfaces of the biochar added wood/PP composites were analysed under
SEM, and two distinct regions are presented in Figures 8.12 and 8.13. Figure 8.12 illustrates
the regions where biochar was abundant, whereas Figures 8.13 shows the wood-rich regions.
From Figures 8.12, it can be clearly observed that the pores of the biochar have been
infiltrated by the PP during processing, creating a mechanical interlocking or physical
bonding. Due to the absence of functional groups on biochar (Figure 8.8a), the MAPP was
not able to create a chemical bonding between biochar and PP. It is postulated that the higher
surface area of biochar (due to a large number of pores) provides more contact sites with the
polymer matrix consequently enhancing the wettability by the matrix (DeVallance et al.,
2015). More recently, Ho et al., (2015) also achieved enhanced dispersion of Poly (lactic
acid) (PLA) owing to the porous nature of bamboo biochar. The extent of pore infiltration
was similar in all the composite samples where large networks of biochar particles can be
observed mechanically interlocked with the PP matrix. Consequently, even with a lower
amount of MAPP (e.g. 1 wt %), the composite samples were able to maintain similar
mechanical properties (compared to composites with higher MAPP e.g. 3 wt %), particularly
tensile strength/modulus and micro-hardness.
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Figure 8.12. SEM images of composites (biochar rich regions)

Figures 8.13 illustrates the regions in the tensile fractured surfaces where wood was more
prevalent than biochar. In 3 MAPP, the interfacial bonding between the wood and the PP was
good. Similarly, reasonably well adhesion seemed to exist between the wood and PP in 2
MAPP sample. In 1 MAPP sample, the interfacial bonding was not as sound as 3 or 2 MAPP.
A complete de-bonding between the wood and the PP matrix was observed in 0 MAPP
sample. From the SEM micrographs, it can be inferred that when 3 and 2 wt % of MAPP was
present in the composite; a good interfacial adhesion was created between the wood and the
PP. The biochar, lacking functional groups, cannot take part in MAPP assisted adhesion with
the PP. On the other hand, when the amount of MAPP was low (1 and 0 wt %) in a
composite, the quality of interfacial bonding was poor. However, the presence of well
dispersed porous biochar can compensate (with respect to mechanical properties) for the lack
of interfacial adhesion through extensive networks of mechanical interlocking with PP.
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Figure 8.13. SEM images of composites (wood rich regions)

8.3.2.7 Cost analysis of composites with respect to MAPP loading amounts
The challenge for any manufacturing system is to reduce the cost of production while
simultaneously achieving acceptable product properties and sustainability. In the present
study, it was demonstrated that the product’s (here biochar based polymeric composites)
performance properties remained mostly unchanged with the reduction in the amount of
compatibiliser/coupling agent. Thus, a cost analysis is presented where the production cost
can be projected which involves composites with added biochar. Since the wood was
obtained from landfill, there was no cost associated with its procurement. On the other hand,
the cost of production of biochar was predominantly the result of fixed costs/production level,
as opposed to direct costs of production (material, energy, and labour costs). According to
Taupo Carbon Producers, Taupo, NZ, the cost for a kilogram of the biochar is NZ$ 0.22 (Mr.
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Peter McArthur, personal communication). The current prices for PP (Molpen HP 400L from
TCL HUNT) and MAPP (Licocene PP MA 6452 Fine Grain TP from Clariant Ltd.) are
NZ$ 2.74 per Kg and NZ$ 18.41 per Kg, respectively. Based on the weight fractions of each
constituent (Table 8.3), the cost associated with each sample production was calculated. The
production cost for 3 MAPP, 2 MAPP, 1 MAPP, and 0 MAPP were NZ$ 1.7833, 1.6266,
1.4699, and 1.3132, respectively. Due to statistical insignificance of mechanical and
flammability properties (especially, tensile strength/modulus, micro-hardness, PHRR)
between 3, 2, and 1 MAPP samples, a reduction in compatibiliser amount from 3 wt% to 2
wt% and 2 wt% to 1 wt% both allowed a reduction of cost which valued up to NZ$ 0.1567,
whereas a rebate in 3 wt% to 1 wt% saved NZ$ 0.3134. Therefore, due to the presence of
waste derived biochar, the amount of compatibiliser can be reduced to 2 wt% and also to 1
wt% saving 8.7% and 17.57% of the production cost, respectively, when compared to that of
the 3 wt% compatibiliser composite.

8.4

Summary

In this chapter the effect of additives (FRs and coupling agent) on the mechanical, reactionto-fire, thermal, and chemical properties of the resulting composites were investigated.
Composites were manufactured with two different fire retardants (FRs): ammonium
polyphosphate/APP and magnesium hydroxide/Mg(OH)2. The amounts of wood and biochar
were correspondingly varied in order to accommodate the FRs in each blend. With regards to
flammability properties, it was observed that having more biochar than wood in a composite
blend was better for reducing the PHRR/THR and increasing the LOIs along with producing
dense and compact chars (after combustion) representing better flame resistance. The
thermally stable biochar contributed towards better fire properties due to the presence of
carbonaceous layer which hindered transport of fuel and O2. On the other hand, having more
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biochar than wood in the blend (containing APP and Mg(OH)2) was somewhat detrimental
for tensile strength, although not to a great extent (tensile/flexural moduli were unaffected).
The APP and Mg(OH)2 particles were trapped inside biochar pores and hindered the flow of
PP through them which consequently reduced the effectiveness of mechanical
bonding/interlocking between the biochar and PP. Among the FRs, Mg(OH)2 depending on
gas phase reaction was slightly more effective in reducing the PHRRs of composites than
APP. However, the mechanical properties were insignificantly affected by the presence of
these two FRs. Generally, the effectiveness of Mg(OH)2 in a polymeric composite occurs at
very high loading amounts (over 50 wt%) (Tang et al., 2013). However, in the present study,
the loading amount of Mg(OH)2 was 20 wt% (same as the loading amount of APP) which
achieved slightly better reaction-to-fire properties (especially lower PHRR and TTI)
compared to APP based composites. It is an important economic consideration that
application of lower amount Mg(OH)2 (20 wt% as opposed to over 50 wt%) in conjunction
with biochar could lead to better resistance to radiative heat.

Given the lack of functional groups and presence of high specific surface area (336 m2/g) and
pores on biochar surface, it was hypothesised that mechanical and fire properties could be
retained in a composite even with lower amount of MAPP. Reduction of MAPP to 1 wt %
(from 3 wt %) can result in a composite having similar mechanical (specifically tensile
strength/modulus and micro-hardness) and fire properties. This is an important research
reflection as this can potentially reduce the cost of processing (~18 %) if waste based biochar
is added in polymeric composites. The lower amount of MAPP can be compensated by the
presence of highly porous and dispersed biochar which would maintain the mechanical
properties through mechanical interlocking with PP matrix. However, the composites with no
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MAPP exhibited poor tensile strength value, as the wood was not able to adhere to the PP
matrix.
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9 Chapter 9: Effect of biochar loading amount on
the properties of neat polypropylene
This chapter has been extracted from the following manuscript:


Das, O., Bhattacharyya, D., Hui, D., Lau, K.T., 2016. Mechanical and flammability
characterisations of biochar/polypropylene biocomposites. Composites Part B:
Engineering. 106: 120-128.

9.1

Introduction

Polypropylene (PP), at present, is extensively employed in numerous industrial applications
owing to its cost effective nature and its versatile properties. The popularity of PP is a result
of its various applications (automotive, aerospace, furniture, electrical, domestic, etc.) and its
high growth rate. However, the bulk polymerisation process yields a PP which does not
possess satisfactory properties, especially, mechanical and thermal stability. As a
consequence, the past century has seen a worldwide employment of PP biocomposites with
synthetic constituents/reinforcements due to the high energy and cost associated with iron,
steel, and aluminium based products (Fowler et al., 2006). On the other hand, due to renewed
interest in environmental safety, concerns related to health, and realisation of finite nature of
petroleum sources, a more sustainable manufacturing approach is being adopted, encouraged,
and developed. As a consequence, composite additives sourced from natural and bio-based
sources are being increasingly explored and studied. Therefore, environmental compatibility
of PP biocomposites has become an important consideration as a mean to reduce potential
hazards linked to pollution and waste generation.
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Several bio-based/natural constituents have been integrated with PP based composites which
include but are not limited to jute, kenaf, flax, wood, coir, hemp, etc. (Mohanty et al., 2003).
The bio-based/natural constituents based PP biocomposites are attractive due to their fairly
beneficial

price-volume-performance

relationship.

Although

the

bio-based/natural

constituents deliver price driven PP biocomposites which also exhibit acceptable properties,
they have certain disadvantages. Some of the natural fibres are cultivated on land where food
crop could potentially be grown. Furthermore, most natural fibres lack an acceptable thermal
stability (Kim et al., 2015). Biochar is a renewable, sustainable, cheap, non-toxic, and
carbonaceous material which is produced when organic wastes are heated at high
temperatures (~> 400-500 °C) in limited oxygen conditions (pyrolysis process). The
advantages of biochar over conventional natural fibres are that it can be made from wastes,
thereby increasing landfill capabilities. Moreover, suitable pyrolysis conditions can lead to a
uniform carbon based and porous biochar structure thereby avoiding the anisotropy of most
lignocellulosic fibres. Furthermore, biochar could potentially exhibit high thermal stability
(Chapters 6, 7, and 8).

Biochar produced at a low pyrolysis temperature (~< 500 °C) may have its pores clogged
with the volatiles which failed to escape at low temperatures (Gray et al., 2014). However,
preparation at high temperatures (e.g. ~900 °C) creates numerous pores and gaps in biochar’s
structure, both in its cross section and along the length. This porous nature bestows the
biochar with efficient adsorptive properties. As a result, high temperature biochars have been
widely employed in the remediation of contaminants, filtration, and as anti-microbial agents
(Sohi et al., 2010). However, the applications of aforementioned biochars have only utilised
its adsorptive capacity. This unidirectional application of biochar should be avoided in order
to impart versatility in its potential uses.
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Biochar made from pyrolysis of wastes is conventionally not employed in the area of
fabrication and structures. However, recently, few studies have been conducted where
biochar has been used to make polymeric biocomposites. Waste pine wood biochar made at
450 °C was utilised in Chapter 4 to manufacture wood and PP biocomposites. It was found
that a biochar loading amount of 24% was the most suitable for enhancing the mechanical
properties. Later, DeVallance et al., (2015) used hardwood biochar to make wood and PP
biocomposites, where they reported different amounts of biochar was suitable for certain
properties. More recently Ho et al., (2015) improved the mechanical, thermal, and optical
properties of Polylactic acid (PLA) based biocomposites using bamboo biochar. Elsewhere, a
mixture of two different biochars obtained from two biomass precursors was used by
Ayrilmis et al., (2015) to fabricate wood and PP composites with improved dimensional and
bending properties. Ahmetli et al., (2013) investigated the potential of three different types
of biochars in the manufacturing of epoxy based composites. Plastic waste biochar (PWC),
wood shavings biochar (WSC), and pine cone biochar (PCC) were produced by pyrolysis at
450 °C and loading levels were varied from 5-30 wt %. The above studies highlight the fact
that biochar is being increasingly considered as a viable constituent in polymer based
composites. However, none of the above studies focussed on the properties of PP based
composites added with biochar and no other reinforcements. Furthermore, it was
demonstrated in Chapter 6 that biochar, when heated to a temperature of 900 °C and for long
resident time (1 h), could have high values of particle hardness/modulus along with increased
elemental carbon. Thus, high temperature biochar can simultaneously possess adsorptive
ability due to numerous pores and mechanical soundness owing to the high value of particle
hardness/modulus. Both the above mentioned properties of biochar can be potentially utilised
to fabricate PP composite. The polymer can infiltrate the porous honeycomb structure
creating a mechanical interlocking whereas the hard/stiff particles could provide the
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necessary reinforcement without having to add an extra constituent (e.g. wood or other
natural fibres).

In most countries, the application of polymeric composites is defined by performance
building codes where fire safety designs are explicitly and strictly employed. These codes are
complex and restrictive in nature as new regulations and requirements are constantly imposed
over the existing ones (Hadjisophocleous and Benichou, 1999). PP having an aliphatic
hydrocarbon structure is susceptible to rapid burning without any char residues. Combustion
of PP results in the evolution of fuels (such as dienes, alkanes, and alkenes) which contribute
towards its high flammability (Price and Horrocks, 2009). Thus, fire retardant treatment on
polymeric composites is critical to meet the strict regulations and to ensure public safety.
Extensive research has been conducted in the area of fire retardant application in polymeric
composites. Stark et al., (2010) employed bromine flame retardant (halogenated) in
wood/polyethylene composites which resulted in an improved fire resistance. El–Sabbagh et
al., (2013) and Tai and Li, (2001) both used Mg(OH)2 (mineral flame retardants) in PP based
composites resulting in enhanced flame resistance. On the other hand, non-halogenated flame
retardant, ammonium polyphosphate (APP), was used by Subasinghe and Bhattacharyya,
(2014), Arao et al., (2014), and Jeencham et al., (2014) in kenaf/PP, wood/PP, and sisal/PP
biocomposites, respectively to successfully impart flame resistance. Although flame
retardants improve fire resistance in the composites, there are some disadvantages which are
hindering their widespread application. Halogenated flame retardants are known to release
highly toxic fire effluents, whereas mineral and phosphorous based flame retardants are
detrimental to the mechanical properties of the resulting composite. This necessitates
exploration of other materials which exhibits inherent and natural thermal stability. Biochar
has been found to be relatively thermally stable under thermogravimetric studies (Chapter 6),
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which could potentially be used in conjunction with PP based biocomposites resulting in
improved fire retardant properties.

The present chapter attempted to investigate the effect of biochar addition in PP
biocomposites without any other reinforcements or compatibiliser. PP biocomposites were
manufactured with different loading amounts of biochar (0, 15, 25, 30, and 35 wt %) using
melt blending/compounding and injection moulding. Mechanical, thermal, and fire properties
of the biochar/PP biocomposites were characterised employing tension and bending tests,
thermogravimetry, differential scanning calorimetry, and cone calorimeter, respectively. In
addition, the chemical changes occurring in PP as a result of biochar addition was analysed
through Fourier transform infrared spectroscopy (FT-IR) and X-ray diffraction (XRD).
Finally, the morphology of the fractured surface of biochar/PP biocomposites with different
amounts of biochar and the microstructure of char residues after burning were evaluated
using scanning electron microscopy (SEM).

9.2

Composites manufacturing

The method of manufacturing of the composites was similar to what is explained in Chapters
3, 7, and 8. In short, all the constituents (Biochar and PP) were dry blended which was
followed by melt blending/compounding and finally injection moulding. Table 9.1
summarises the blend ratios of the composite samples.
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Table 9.1. Blend ratios of the biochar/PP composites

Samples
0 BC/Neat PP
15 BC
25 BC
30 BC
35 BC

9.3

Biochar (wt %)
0
15
25
30
35

PP (wt %)
100
85
75
70
65

Results and discussion

9.3.1 Chemical characterisation of biochar/PP composites
9.3.1.1 Fourier transform infrared spectroscopy (FT-IR) of biochar/PP composites
The FT-IR spectra of the composite samples are presented in Figure 9.1. The FT-IR spectrum
of the biochar is available in Chapter 8 where it was observed that no surface functional
groups existed on the biochar surface. In the neat PP spectrum, an asymmetrical CH 2 bend
was responsible for the peak at 2900 cm-1. Peaks at 1375 and 1450 cm-1 were due to
asymmetrical and symmetrical CH3 bends, respectively. Since the biochar had a dearth of
surface functional groups, all the functionalities in the composite samples were contributed
by the PP. There was no shift in the peaks in the biochar added composite samples. This
revealed that not much chemical reactions occurred between the biochar and the PP. In this
study, a maleic anhydride grafted polypropylene (MAPP) was not added to the composite
samples because of the lack of surface functional groups, the biochar would not participate in
MAPP assisted adhesion with PP. However, the numerous pores of biochar would allow
molten PP to infiltrate causing a mechanical/physical interlocking. The peak intensities,
especially at 1375 and 1450 cm-1 reduced with increasing amount of biochar in composite
samples. This is attributed to the reduction in the weight fraction of PP with corresponding
increase in the amount of biochar, in the composite samples.

255

Figure 9.1. FT-IR analysis of biochar/PP composites

9.3.1.2 X-Ray diffractions (XRD) of biochar/PP composites
Figure 9.2 indicates the XRD spectra of all the composite samples. The XRD of the biochar
can also be found in Figure 9.2 where it was revealed to be amorphous in nature. The semicrystalline nature of mostly alpha PP can be clearly observed where distinct peaks were
present at ~14, 16, 17, and 18o, with broad humps at 21 and 25o. In the entire composite
sample range, it can be observed that all the major peaks present were contributed by the
inclusion of PP. It is interesting to note that as the amount of biochar increased in the sample,
the intensity of all the peaks also correspondingly reduced. From Table 9.1, it is evident as
the loading amounts of biochars were increased; the amount of PP was decreased. The lack of
crystalline material in the composites with high amount of amorphous biochar caused the
XRD peak intensities to reduce (Ho et al., 2015). Consequently, the percentages of
crystallinity followed the order: neat PP> 15 BC > 25 BC > 30 BC > 35 BC. Neat PP had the
lowest percentage of amorphous material at 29.4% whereas 35 BC had the highest percentage
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of the amorphous section in the composite (46.3%) (Table 9.2). The lower percentage of
crystallinity of the biochar added samples can also be attributed to low level of PP matrix
crystallinity formed due to the fast cooling rates in extrusion and injection moulding.
Furthermore, the deviation from an ideal orientation of the biochar particles in the PP matrix
might also have resulted in a lower percentage of crystallinity (Mathew et al., 2005).

Table 9.2. Crystalline and amorphous percentages of biochar/PP composites

Samples
15 BC
25 BC
30 BC
35 BC

% Crystalline
70.6
67.8
59.6
53.7

% Amorphous
29.4
32.2
40.4
46.3

Figure 9.2. XRD analysis of biochar/PP composites
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9.3.2 Thermal characterisation of biochar/PP composites
9.3.2.1 Thermogravimetric analysis (TGA) of biochar/PP composites
Figure 9.3 presents the TGA curves of the composites. Table 9.3 also illustrates the TGA
results for all the samples, such as the onset of decomposition temperature (T5%) and the
temperatures at the maximum mass loss rates (Tmax1 and Tmax2 obtained from the derivatives
of the mass loss curves). From Figure 9.3, it can be observed that the biochar was the most
thermally stable whereas the neat PP was the least thermally stable amongst all the samples.
There was negligible mass loss in the biochar’s profile and retained the highest amount of
char/residues (~77 %) after the completion of the temperature cycle. The neat PP on the other
hand, started degrading the earliest among all the samples (at ~259 °C) and no char/residues
were left after the burning cycle. All the composite samples had delayed the onset of
degradation (compared to the neat PP). This effect was more pronounced in the samples
having higher amount of biochar in them (25, 30, and 35 BC). It is interesting to note that the
residue left after the temperature cycle was proportional to the amount of biochar in the
composites. The amount of residues produced followed an order: 35 BC > 30 BC > 25 BC >
15 BC > neat PP. On the other hand, the decomposition maximum of neat PP occurred the
earliest at ~388 °C however when biochar was added to it, the decomposition maximum
happened at higher temperatures. The 15 BC had its decomposition maximum at ~413 °C
whereas 25, 30, and 35 BC have their decomposition maxima at ~438 °C. Thus, from the
TGA experiments, it can be inferred that the addition of biochar in PP composites enhanced
the thermal stability of PP by delaying the onset of decomposition and its maximum along
with producing high amount of residues. This could be an important consideration in the area
of fire retardation of composites.
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Figure 9.3. TGA analysis of biochar/PP composites

Table 9.3. TGA results of biochar/PP composites

Samples

T5%
(°C)

Tmax1
(°C)

Tmax2
(°C)

Neat PP

258.9

-

387.8

Biochar (BC) (TCP 900)

-

-

535.4

15 BC

310.0

-

413.4

25 BC

361.0

-

441.0

30 BC

352.0

-

439.0

35 BC

334.5

-

436.3
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9.3.3 Mechanical properties of biochar/PP composites
The tensile stress-strain curves of biochar/PP composites are presented in Figure 9.4. The
other mechanical properties are indicated in Table 9.4. It is observed that the 15 BC sample,
having the least amount of biochar in it, exhibited a yielding behaviour in the stress-strain
curve. However, the strains of the composite samples having higher amount of biochar (25,
30, and 35 BC) were localised beyond the maximum stress. This consequently caused
fracture of the composite samples owing to the semi-brittle behaviour under tensile stress
(Liang et al., 1997). The increase in the amount of biochar in PP composite formed a sample
which was less plastic and is more resistant to deformation. This caused the percentage
elongation of the biochar/PP composites to reduce as the ductility was reduced by the
inclusion of biochar (Table 9.4). The reduction in ductility followed the order: 15 BC > 25
BC > 30 BC > 35 BC.

Figure 9.4. Stress-strain curves of biochar/PP composites
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It can be observed that all the biochar/PP composites had significantly higher tensile modulus
than that of the neat PP. Furthermore, the modulus increased with increasing amount of
biochar. The moduli of 15, 25, 30, and 35 BC were 2.34, 2.87, 3.48, and 3.82 GPa,
respectively. The stress transfer properties between PP and the biochar were enhanced due to
the large surface area (336 m2/g) and porous nature of biochar. The mobility and
deformability of the PP structure were reduced as a result of biochar inclusion. Hence, the
stiffness of the composites increased. Fu et al., (2008) also observed similar increments of
tensile moduli by adding micron sized particles as rigid reinforcements. Nan et al., (2016)
obtained tensile moduli of 0.16, 0.26, and 0. 37 GPa by adding 2, 6, and 10 wt% hardwood
biochar to poly (vinyl chloride) (PVA). Albeit, the polymer being different, they observed a
much lower value of tensile modulus (compared to current study). Elsewhere, Ho et al.,
(2015), reported tensile moduli in the range of ~3.3-3.7 GPa of Poly (lactic acid)/PLA added
with 2.5, 5, 7.5, and 10 wt% bamboo biochar. The present study obtained similar tensile
moduli to Ho et al., (2015) through 30 and 35 wt% biochar addition in PP. The deviation in
results of these two studies can be due to the fact that the polymers used in both the cases
were different. However, similarly to the present study, increasing amount of biochar steadily
enhanced the tensile moduli of the resulting composites.

The tensile strength of the neat PP was not enhanced as a result of biochar addition. However,
addition of biochar was also not detrimental for the tensile strengths of the composites. It can
be seen that addition of 15, 25, 30, and 35 wt % of biochar retained the tensile strengths more
or less equal to that of the neat PP. Having a sound interfacial bonding between the
reinforcement and the polymer matrix is critical for the enhancement of tensile strengths. The
biochar lacked surface functional groups and hence did not take part in coupling agent
assisted adhesion with the PP. Therefore, although, the high surface area and porous nature of
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biochar allowed the PP to infiltrate its pores, the lack of a strong interfacial bonding between
the biochar and PP resulted in similar tensile strength values compared to the neat PP.
However, biochar can potentially be functionalised and thus used in conjunction with a
coupling agents to create a good interfacial bonding with the PP matrix (Mubarak et al.,
2013). Nan et al., (2016) reported a drastic reduction in the tensile strength after biochar was
added to PVA, however in contrast, Ho et al., (2015) observed that a loading amount of 7.5
wt% significantly enhanced the tensile strength with respect of neat polymer (here PLA).

The addition of biochar to neat PP significantly improved both its flexural strength and
modulus. The flexural strength of a composite is dependent on factors such as particle
dispersion, wetting, and infiltration of polymer in the particles. The porous nature of biochar
allowed molten PP to flow inside the pores, which caused a physical/mechanical interlocking.
In addition, the dispersion of biochar particles in the PP matrix was good (please refer to
morphological analysis), which facilitated an efficient stress transfer. The flexural strength
and modulus values continuously increased with an increase in the amount of biochar in the
PP composite. The flexural strength and modulus of the neat PP were 51.08 MPa and 1.62
GPa, respectively, whereas those of 35 BC sample were 58.26 MPa and 3.25 GPa,
respectively. It can be stated that the increments of biochar amount to 35 wt % did not cause
particle aggregation; else it could have been detrimental for the flexural properties. Therefore,
biochar particles caused a reinforcing effect (due to mechanical interlocking with PP, good
dispersion, high surface area) in neat PP consequently improving its flexural strength and
modulus. Similar to the present study, Ho et al., (2015) reported a continuous increase in
flexural modulus as the amount of biochar in neat PLA was increased. However, in contrast,
they observed that the flexural strength of biochar added PLA increased only up to a certain
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loading amount beyond which the flexural strength was compromised due to particle
agglomeration.

Table 9.4. Mechanical properties of biochar/PP composites

Neat PP

Tensile
Strength
(MPa)
32.6 ± 0.2

Tensile Flexural
Modulus Strength
(GPa)
(MPa)
1.5 ± 0.0 51.0 ± 0.0

15 BC

30.6 ± 0.1

2.3 ± 0.0 55.2 ± 0.6

Flexural Percentage
Modulus Elongation
(GPa)
(%)
1.6 ± 0.0
2.2 ± 0.0 15.0 ± 1.6

25 BC

29.6 ± 0.1

2.8 ± 0.1 57.3 ± 0.3

2.6 ± 0.0

6.1 ± 0.5

30 BC

29.7 ± 0.1

3.4 ± 0.1 57.8 ± 0.5

2.9 ± 0.0

4.3 ± 0.0

35 BC

29.6 ± 0.0

3.8 ± 0.2 58.2 ± 0.4

3.2 ± 0.0

2.5 ± 0.1

Samples

9.3.4 Reaction-to-fire properties of biochar/PP composites
Table 9.5 indicates the cone calorimeter data of the tested biochar/PP composite samples,
such as time to ignition (TTI), peak heat release rate (PHRR), and total heat release (THR).
Figures 9.5a, 9.5b, 9.5c, and 9.5d presents the curves for heat release rate (HRR), CO 2
production, CO production, and sample mass loss, respectively. The most important property
of composites in cone calorimeter test is the PHRR value. The fast and intensive combustion
of neat PP was represented by a sharp HRR peak and a very high PHRR value (1054 kW/m2)
(Figure 9.5a). However, addition of biochar significantly reduced the PHRR in the
composites. The high thermal stability of biochar (Figure 9.3) contributed towards ~54 %
reduction in the PHRR value (35 BC= 477.2 kW/m2 and neat PP= 1054 kW/m2). The
reduction in PHRR was dependent on the loading level of biochar and followed an order: 35
BC> 30 BC> 25 BC > 15 BC > neat PP. The PHRR value obtained by addition of biochar in
PP was lower than wood based PP composites (568 kW/m2) (Zhang et al., 2012). The
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thermally stable biochar in PP composites acted as a stable barrier which hindered the
transfer of heat and fuel between the PP and the heat source. In the biochar/PP samples, the
HRR reduced after the peak maxima most probably due to the presence of char layer
provided by the biochar. Thus, it can be stated that addition of biochar to PP has beneficial
effects with regards to PHRR. The TTIs of biochar/PP samples did reduce compared to the
neat PP, but the THRs remained more or less the same (Table 9.5). The THR is the area
under the HRR curve hence it would be difficult to judge fire retardant behaviour only from
the THR results. The ideal case is low PHRR and short burning period (THR). However,
addition of biochar largely reduced the PHRR and the THRs were within the standard
deviation of the THR value of neat PP. The trend of CO2 production of the samples was
exactly similar to the HRR curve (Figure 9.5b) which proved that CO2 was produced as long
as the samples were burning. However, it is interesting to note that biochar addition
significantly reduced the production of CO2 in the samples. The production of CO2 followed
the order: neat PP > 15 BC > 25 BC > 30 BC > 35 BC. Similarly to CO 2 production, the CO
production also followed an order: neat PP > 15 BC > 25 BC > 30 BC > 35 BC (Figure 9.5c).
Although, after ~275-285 s, the CO2 production ceased, the amount of CO increased post
combustion of the biochar/PP samples. This behaviour can be attributed to the presence of
char layer that interfered with the reaction of pyrolysis gases with O2, resulting in less CO2
and more CO (Jiao and Chen, 2010). Consequently, the total oxidation process was
suppressed which further led to incomplete combustion as transmission of volatile gases from
the polymer to the surrounding O2 was obstructed. Figure 9.5d presents the mass loss of the
samples after combustion cycle. It can be seen that addition of biochar increased the amount
of residues left after the combustion. This observation corroborated the TGA results (Figure
9.3) where it was observed that increasing amounts of biochar in composite samples
enhanced the amount of residues. Therefore, from the cone calorimeter tests, it was revealed
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that the addition of biochar in the neat PP was advantageous for its fire properties as the
thermally stable constituent can act as a barrier which hinders the transport of O2 thereby
lessening its combustibility.

Figure 9.5. Cone calorimeter results of biochar/PP composites
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Table 9.5. Reaction-to-fire properties of biochar/PP composites

Samples
Neat PP
15 BC
25 BC
30 BC
35 BC

Time to
Ignition
(TTI)
(s)
29.0 ± 2.0
12.0 ± 2.5
13.3 ± 0.5
15.0 ± 0.0
16.3 ± 0.5

Peak Heat
Release Rate
(PHRR)
(kW/m2)
1054.0 ± 120.0
753.0 ± 38.1
616.3 ± 11.2
539.3 ± 22.0
477.2 ± 22.1

Total heat
Release
(THR)
(MJ/m2)
97.0 ± 14.0
112.6 ± 5.2
111.2 ± 1.5
101.2 ± 0.6
98.3 ± 2.0

Time to
PHRR
(TPHRR) (s)
120.0 ± 18.0
96.6 ± 14.5
98.3 ± 15.2
100.0 ± 32.8
60.0 ± 0.0

9.3.5 Morphological analysis of biochar/PP composites
9.3.5.1 Morphology of biochar/PP composites
Scanning electron microscope (SEM) images of the tensile fractured surfaces of the
biochar/PP composites are illustrated in Figure 9.6. In 15 BC sample, it can be seen that the
dispersion of biochar particles were fairly good, which is the cause for enhanced flexural
strengths and moduli. The dispersion was controlled by mixing the biochar particles with PP
first in a physical blender and then by melt-blending/compounding. In all the composite
samples, it can be visualised that the biochar particles were firmly embedded in the PP matrix
due to their small particle size and potential compatibility with PP. Moreover, the molten PP
had infiltrated the pores of the biochar particles in all the composite samples. This resulted in
large networks of mechanical interlocking between the matrix and the biochar, which
consequently improved the tensile moduli and flexural strength/moduli of the composites. It
is evident, that, with increase in the amount of biochar, this pore infiltration would be more
extensive. Thus, the mechanical properties of the neat PP (expect for tensile strength)
continuously improved with a rise in the amount of the biochar in the composites.

266

Figure 9.6. SEM images of tensile fractured surfaces of biochar/PP composites

The fracture surfaces of the biochar/PP composites as seen under SEM are illustrated in
Figure 9.7. It can be observed that 15 BC sample had a mostly ductile fracture and as the
amount of biochar increased in the neat PP, the fracture tendency became more and more
brittle. The 35 BC sample had a mostly brittle fracture. Thus, increase in the amount of
biochar reduced the ductility of the neat PP and consequently, decreased the value of
elongation percentage (Table 9.4). The white dots seen in the fractured surfaces were the
inorganic ash (~13 wt %) which was present in the biochar. The elemental composition of the
inorganic ash is given subsequently.
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Figure 9.7. Nature of tensile fracture
Figure 9.8 indicates the SEM image of an inorganic ash particle in the composite. This image
is from 35 BC sample, and it is interesting to note that the biochar particles were dispersed
very well in the PP matrix. This good dispersion was responsible for better flexural strength
and modulus (Table 9.4). The SEM energy dispersive X-ray spectroscopy (EDX) analysis
showed that the elemental composition of inorganic ash was mainly silica (Si) with traces of
aluminium and potassium. The silica might have come from the landfill site soil from where
the biomass (precursor of the biochar) was collected.
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Figure 9.8. SEM image of inorganic ash particles in the composite

9.3.5.2 Morphology of chars of biochar/PP composites
Figure 9.9 indicates the microstructures of the char residues that were left behind after the
cone calorimeter test. Analysis of char microstructure is an important step to determine the
reaction-to-fire properties of composites. The fire properties of a composite depend on the
structure and rigidity of the char after the combustion. The SEM EDX analysis of the char
residues after cone calorimeter tests revealed that carbon (C) was the principle element
(Figure 9.10). From Figure 9.9, it can be observed that 15 BC sample char was fragile in
nature exhibiting a number of holes and cracks on its surface. However, as the amount of
biochar was increased in the neat PP composite, the number and diameter of holes on the char
residues significantly reduced. 35 BC sample char was dense, compact, and closed in
structure with a dearth of holes or fissures in it. It is postulated that the increment of biochar
269

amount provided a dense and insulating char layer around the exposed PP layer, thereby
protecting it from the incoming heat. The dense and compact structure of char, without many
holes, acted as a physical impediment, concurrently restricting the entry of O2 and exit of
combustible gaseous degradation products. Hence, increasing the amount of biochar (30 and
35 BC) in the neat PP reduced the value of PHRR in the cone calorimeter test.

Figure 9.9. SEM images of tensile fractured surfaces of biochar/PP composites
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Figure 9.10. EDX analysis of combustion char

9.4

Summary

The present chapter was aimed at the application of pine wood waste derived biochar with
high surface area to improve the properties of polypropylene (PP) for applications related to
composites science and technology. Composites with five different loading amounts were
manufactured through the process of compounding and injection moulding. The fabricated
biochar/PP composites were tested for their mechanical, thermal, fire, and chemical
properties. Following are the main conclusions which can be drawn from the investigation:
addition of increasing amount of biochar (up to 35 wt %) to the neat PP continuously
improved the tensile moduli and flexural strengths/moduli of the resulting composites. The
porous nature of biochar caused pore infiltration by the PP thereby providing the necessary
reinforcement. When the neat PP was added with biochar (up to 35 wt %), a reduced peak
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heat release rate (compared to neat PP) was observed in the composites under radiant heat.
The compact char layer formed after combustion was effective in enhancing the insulation
properties of the composites by inhibiting heat and mass transfer between the underlying PP
and the surface. Thermogravimetric analysis results revealed that the addition of biochar to
the neat PP improved its thermal stability through the increment in residues left and delaying
the onset of decomposition.
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10 Chapter 10: Conclusions, recommendations, and
future work
A part (Section 10.2) of this chapter has been extracted from the following manuscript:


Das, O., Sarmah, A.K., Bhattacharyya, D., 2015. A sustainable and resilient approach
through biochar addition in wood polymer composites. Science of the Total
Environment. 512–513: 326–336.

10.1 Conclusions
The overarching objective of this research was the development of waste derived biochar
based biocomposites and the determination of the effects that biochar had on the mechanical,
fire, thermal, and chemical properties of the resulting composites. Because of its unique
physical structure and chemical composition, biochar inherently possesses distinctive
characteristics which are different from common bio-based composite constituents. Some of
these properties, such as relatively high individual hardness/modulus and fire resistance, can
be beneficially employed to manufacture composites with enhanced performance properties.
Additionally, biochar can be a value-added product of discarded biomass, thus facilitating
effective waste utilisation. However, there is a dearth of information on biochar based
biocomposites in the current literature. Therefore, this research has attempted to investigate
the effects of biochar on the properties of polymeric composites through comprehensive
experiments.

Although each of the previous chapters has presented distinct summary of their findings, this
chapter includes the overall conclusions along with recommendations for future work.
Moreover, this chapter also introduces a ‘resilient’ concept for biochar based biocomposites
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which could be utilised to develop and maintain a robust production system. The following
are the key outcomes and main findings obtained from the results of this research:



A pine wood waste derived biochar, made at a median temperature of 450 °C, was
utilised to manufacture wood/polypropylene (PP) composites. The central aim was to
identify the effects of increasing loading amounts of the biochar (with the
corresponding decrease in synthetic PP amount) on the resulting composites. Five
different loading amounts (6, 12, 18, 24, and 30 wt%) of biochar were used to fabricate
the composites through compounding and compression moulding. The composites were
tested for their mechanical, thermal, chemical, and morphological properties. It was
observed that a biochar loading amount of 24 wt% was the most suitable for the
betterment of composite’s properties. The molten PP infiltrated the pores of the
biochar, therefore creating a mechanical interlocking. The addition of increasing
amount of biochar reduced the crystalline intensities of the corresponding composites
along with introduction of free radicals. The amount of residues left after thermal
decomposition increased slightly as a result of biochar addition. From this chapter, a
biochar loading amount of 24 wt% was identified to be the most desirable and the
subsequent experiments were conducted based on the aforementioned amount.



The technique of nanoindentation was innovatively utilised to predict the bulk
properties of biochar based composites using the individual hardness and modulus of
the constituents (i.e. biochar, wood, and PP). Initially, nanoindentation was performed
on neat biochar, wood, and PP and it was observed that biochar exhibited the highest
value for hardness (0.43 GPa) amongst the three constituents. Then, established
theoretical models of Rule of mixtures, Halpin-Tsai-Nielsen, and Verbeek were
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employed to calculate the comprehensive properties of the composites made from the
three constituents. This was followed by a comparison of the predicted and the
experimental values of composites’ hardness and modulus. The most appropriate
comparison was with the rule of mixtures followed by Halpin-Tsai-Nielsen and
Verbeek models. Additionally, all the predictions produced a positive correlation
coefficient (r). Therefore, it was inferred that nanoindentation of individual components
of composites could be employed to presage the overall properties of the composites.
The finding has positive connotations with regards to effective engineering,
optimisation, and production of more predictable composite products.



The technique of nanoindentation was again used to determine the individual
mechanical properties of various waste derived biochars and their effect on the
composites made from them. An attempt was made to identify the most relevant
properties of biochars which could lead to the betterment of composite’s performance
properties. Individual hardness/modulus and porous nature (which enables mechanical
interlocking with PP) of biochar were considered to be the most significant factors
governing the properties of the composites. One of the biochars (i.e. sample named
TCP 900), which was prepared at a high pyrolysis temperature of 900 °C, was observed
to have the highest values for particle hardness, modulus, and surface area.
Consequently, the composites made from this biochar also possessed one of the highest
mechanical and thermal properties (amongst the other tested composites). As a result,
this biochar was chosen to be the preferred composite constituent for the
experimentations that followed the present one.
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After the identification of a desirable loading amount and type of biochar, the next step
was to find a suitable biomass for developing the composites. Hence, four biomass
wastes, namely rice husk, coffee husk, wood, and wool were utilised to manufacture the
biochar based

biocomposites. The properties of the resulting composites containing

each of the biomass were compared to each other. Since biomass is more susceptible to
thermal decomposition than biochar, the individual reaction-to-fire properties of all the
biomasses along with the biochar was conducted. Biochar was found to be extremely
inert under radiative heat and did not undergo ignition even at 750 °C. Amongst the
biomasses; coffee husk was found to have the lowest peak heat release rate (PHRR).
However, when these biomasses were used in conjunction with biochar to manufacture
composites, the wood based samples exhibited the best overall mechanical and
reaction-to-fire properties (the highest tensile/flexural strengths, second lowest PHRR
and the lowest total heat release/THR). Consequently, wood was maintained as the
preferred co-constituent for manufacturing composites in the following experiments.



Two

different

kinds

of

conventional

fire

retardants/FRs

(ammonium

polyphosphate/APP and magnesium hydroxide/MgOH) were added to the composites
by correspondingly varying the loading amounts of biochar and wood in the blends.
Having higher proportion of biochar than wood was found to be advantageous for fire
properties, in particular, reduced PHRR, THR, and increased limiting oxygen indices
(LOI). Samples with the higher amount of biochar also produced rigid and compact
chars after combustion demonstrating higher fire resistance. However, with respect to
the tensile and flexural strength, having more wood than biochar in the blend is
desirable, although the difference is not that significant. Nonetheless, application of
biochar was able to conserve the mechanical properties to an acceptable range which
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otherwise deteriorates when FRs are added. Among the two FRs, MgOH added
composites had slightly better reaction-to-fire properties (than APP based composites)
but composites having APP exhibited higher LOIs than the MgOH counterparts.



It was observed that when biochar is applied to develop biocomposites, the amount of
costly coupling agent (here maleic anhydride grafted polypropylene/MAPP) can be
reduced without losing the performance properties. Since the high temperature biochar
(TCP 900) did not possess any surface functional groups, it was hypothesised that it
would not partake in MAPP assisted adhesion with the PP. Therefore, the loading
amount of MAPP was gradually reduced from the usual 3 wt% to 0 wt%. A biochar
based composite having 1wt % MAPP exhibited statistically similar mechanical
properties, in particular, tensile strength/modulus and micro-hardness, and fire
properties, especially PHRR value. This reduction of MAPP amount to 1wt % (from 3
wt%) accounted for a rebate in the production costs by about 18% (procurement
logistics ignored).



PP composites prepared just by adding biochar and no other co-reinforcements had
gradually increasing values for flexural strengths, tensile/flexural moduli, the residues
after thermal decomposition, and decreasing PHRR. Increasing the amount of biochar
in composites also produced combustion chars which were denser and compact in
nature which hindered oxygen transfer between the environment and the fuel.
Therefore, biochar has the potential to be employed alone to develop composites with
acceptable performance properties.
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The specific aforementioned conclusions point to the fact that waste derived biochar has the
potential to create polymeric composites with enhanced mechanical and fire properties. One
of the important considerations is that biochar, a value-added product from waste biomass,
can be integrated into the existing system of composites without having any detrimental
effect and generate certain beneficial properties. Another critical consideration is that biochar
can be incorporated in polymer industries in conjunction with conventional FRs to enhance
the fire properties further and curtail the loss of mechanical properties of the resulting
composites. Hence, biochar, which is a sustainable and eco-friendly material, can be utilised
to develop polymer composites which are required to be concurrently fire resistant and
mechanically sound.

10.2 Recommendation: imparting resiliency in biocomposite production system
The design and development of any novel and pioneering material should aim for a stable and
perdurable sustainability. Biochar based composites, being a bio-based material, would be
more akin to natural systems which are complex and random. The biochar based composites
should be able to respond to unexpected severance effectively and hence, their production
system should be diverse, cohesive and efficient (Mu et al., 2010). The production system of
biochar based composites should be designed to be able to adapt to various raw materials;
flexible towards different processing technologies, and the end product should be versatile
enough to cater to diverse market demands (Fiksel, 2003).

The design and marketing of biochar based composites may be subdued due to the immense
inter-connectivity in the present world which takes some time to accept a new product. This
connectivity includes and is not limited to singular product, firms, economy, services,
logistics, etc. (Watts, 2004). As a result of this dense network of entities, which has an
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immense impact on each other, it becomes imperative to consider the safety; processing;
energy; efficiency; environmental effect and recyclability in a biochar based composites
production system (Anastas and Zimmerman, 2003). However, it is impossible to foresee
all the hindrances that a new system would encounter in its near future. Therefore, the
biochar based composites production system should be imparted with characteristics that
would make it flexible as well as sturdy. For example, even though there was a boom in the
US corn ethanol industry at the beginning of the twenty first century, it lost its economic élan
due to the recession in 2008 (Babcock and Fabiosa, 2011).

From the above discussion, it becomes clear that for the biochar based composites to succeed
as a new age biocomposite, its design should be made keeping the ‘resilient’ perspective in
mind. The system encompassing the production of biochar based composites should focus
more on the fundamental system properties and not just on an abstruse target. It is true that
biochar based composites could be an advocate for a sustainable system; however, attaining
sustainability should not be the sole intention. In biochar based composites production,
sustainability should be viewed as a vigorous system that is continuously evolving (Fiksel,
2003). Moreover, the industrial component of biochar based composites production system
would eventually face unpredictable variations and barriers from the natural systems. These
obstacles might come in the form of rising food prices; passive production of pollutants and
misuse of natural resources (Aden, 2007; Fargione et al., 2008; Searchinger et al., 2008).
Keeping in mind the possibility of these potential challenges to occur, biochar based
composites should be made from natural materials that are considered to be wastes, and
hence do not compete with the land where food crops are being grown. Biochar based
composites manufacturing should be benign to the environment owing to biochar’s carbon
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neutral nature. Finally, the system of biochar based composites production should use
minimal natural resources (e.g. water).

Any new product when being initially developed, the main emphasis is on the optimisation of
the process. However, unlike fossil fuel based systems, biochar based composites production
system should focus more on a ‘resilient’ platform where the system would be able to
continue and recover fundamental functions even during damages, disturbances, and
diversions (Holling, 1996). The following terms can collectively define the concept of
resilient biochar based composites system: diversity; efficiency; cohesion, adaptability, and
transformability (Fiksel, 2003; Mu et al., 2010; Seager, 2008).

Figure 10.1 describes how a biochar based composites production system can be made
resilient by attaining the inherent characteristics. The diversity of biochar based composites
system is due to the fact that the manufacturing of these composites can be done using any of
the natural products that is a waste or is underutilised and is not competing with food sources
for their production. The examples of such natural biomasses are rice husks; coffee husks;
banana stem, coarse wool; pineapple leaf, etc. (Alwani et al., 2014). In addition, the biochar
based composites could be used for making decking material, windows and door panels and
automotive parts (Wechsler and Hiziroglu, 2007). The efficiency of biochar based
composites could be explained by the low cost nature of the raw materials (Alwani et al.,
2014) as well as due to its innocuousness towards the environment. The biochar based
composites system could be cohesive as it would utilise materials that otherwise end up in a
landfill which then degrade on their own (aided by bacteria) increasing atmospheric CO2.
Furthermore, the final output would be able to enhance mechanical and fire properties
resulting in a higher quality finished product. The biochar based composites system can be
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made adaptable by making the production technology handle different types of feedstock and
a product output that is versatile in nature and application. Finally, the same system that
would produce biochar based composites can be easily made to produce other types of
conventional composites such as medium density fibreboards and particle boards. The
biochar based composites system should not make changes in the manufacturing process or
the machinery. It should only allow a novel use of biochar keeping the other aspects of the
composite development same. Hence, in the case of the absence or shortage of biochar, the
same system can easily be made to produce other types of composites. As a result, the
biochar based composites system can transform according to the availability of raw materials
to meet commercial demands.

Figure 10.1. Characteristics of a resilient biochar based composite system
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10.3 Possibilities for future work
Following recommendations have been put forward for future research:


The biochar chosen for the majority of the thesis was produced at a very high pyrolysis
temperature of 900 °C. As a consequence, it was devoid of any surface functional
groups and thus did not take part in coupling agent assisted adhesion with PP.
Consequently, a high temperature and thus porous biochar would not participate in a
coupling agent (e.g. Maleic Anhydride Grafted Polypropylene/MAPP) assisted
adhesion with a polymer. This phenomenon leads to non-enhancement of tensile
strength of the resulting composite. Due to this future research should be focused on
functionalisation of biochar using both physical (e.g. plasma) and chemical (e.g. acids)
treatments. Following this the effect of functionalised biochar on the mechanical
properties (especially tensile strength) should be investigated.



The size of the biochar can further be reduced into nanometre range by pulverising
producing ‘nano-chars’ which could then be utilised to manufacture polymeric
composites with varying loading amounts.



Given the low particle density of biochar (compared to wood), investigations could be
carried out to determine if the application of biochar could potentially enhance the
specific strength (i.e. reduced density) of the resulting composites.



Biochar could be used to manufacture 3D printed composites since the particulate
nature could somewhat alleviate the problems associated with additive manufacturing
of fibrous composites. Given the particulate nature of biochar and uniform structure,
anisotropy of biochar 3D printed composites could be potentially reduced. Similarly to
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biochar, several particulate reinforcements (e.g. rice husk, coffee bean husk, short wool
fibre) can also produce aligned 3D printed composites.



The 3D printed biochar composites can be analysed for their biocompatibility since
carbon is the principle element which is also present in human bodies. In this regard,
biochar based composites would be preferred over their synthetic counterparts because
of the fact that they could be more biocompatible with the host body and are less toxic.
Biochar based composites also have lower chances of inducing immunological and
inflammatory response which reduces the chances of foreign body rejection and/or
necrosis. Biochar based biocomposites could enjoy a higher recognition by host body
cells owing to the macromolecular similarity between the tissues and natural biopolymers.
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11 Appendices
11.1 Prediction models and statistical analysis for chapter 5 (Appendix A)
Prediction Models:
Some of the theoretical models where chosen from the work of Yan et al. (2006) [2].
Rule of mixtures:
Hardness and modulus of the composites were determined according to the following
formulae:
𝐸𝑐 = (𝐸𝑝 × 𝑓𝑝) + (𝐸𝑤 × 𝑓𝑤) + (𝐸𝑏 × 𝑓𝑏)
Where,
Ec= predicted modulus of the composite
Ep= modulus of polypropylene obtained from nanoindentation
fp= volume fraction of polypropylene in that particular composite
Ew= elastic modulus of wood obtained from nanoindentation
fw= volume fraction of wood in that particular composite
Eb= modulus of biochar obtained from nanoindentation
fb= volume fraction of wood in that particular composite
𝐻𝑐 = (𝐻𝑝 × 𝑓𝑝) + (𝐻𝑤 × 𝑓𝑤) + (𝐻𝑏 × 𝑓𝑏)
Where,
Hc= predicted hardness of the composite
Hp= hardness of polypropylene obtained from nanoindentation
fp= volume fraction of polypropylene in that particular composite
Hw= hardness of wood obtained from nanoindentation
fw= volume fraction of wood in that particular composite
Hb= hardness of biochar obtained from nanoindentation
fb= volume fraction of wood in that particular composite.
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Halpin-Tsai-Nielsen Model:
𝐸𝑐 =

1 + 𝐴𝐵𝑓
𝐸
1 − 𝐵𝛹𝑓 𝑝

𝐴=

7 − 5𝑣𝑖
8 − 10𝑣𝑖

𝐸𝑚
𝐸𝑝 − 1
𝐵=
𝐸𝑚
𝐸𝑝 + 𝐴
𝛹 = 1+

1 − 𝛷𝑚
𝛷𝑚 2

𝑓

Where,
vi= Poisson’s ratio of matrix
f= volume fraction of reinforcement
Ep= modulus of polypropylene (matrix) obtained from nanoindentation
Em= moduli of particles obtained from nanoindentation
Φm= maximum packing fraction
Ec= predicted modulus of the composite

Verbeek Model:
2

(1 − 𝑓𝑝 ) 𝛷𝑚
𝛷=
1 − 𝑓𝑝 𝛷𝑚
𝜒=

𝛷
𝑓𝑝 (1 − 𝛷) + 𝛷

(1 − 𝜒)3 𝐺𝑝 𝑓
𝛹 = 𝛼√
𝐸𝑚
1−𝑓
𝑀𝑅𝐹 = 1 −

tanh 𝛹
𝛹
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𝐸𝑐 = 𝑓 ∗ 𝐸𝑚 ∗ 𝑀𝑅𝐹 + 𝑓𝑝 ∗ 𝐸𝑝
Where,
fp= volume fraction of matrix
Φm= maximum packing fraction
α= particle aspect ratio
Gp= shear modulus of matrix
f= volume fraction of reinforcement
Em= moduli of particles obtained from nanoindentation
Ep= modulus of polypropylene (matrix) obtained from nanoindentation
Ec= predicted modulus of the composite

Analysis of variance (ANOVA) test:
Individual hardness:
The ANOVA analysis for the hardness values of wood, biochar, and PP is as follows:
ANOVA
Source of
Variation
Between Groups
Within Groups

SS

df

0.330379
0.0121

2
15

Total

0.342479

17

MS

F

P-value

0.165189 204.7742 1.29E-11
0.000807

F crit
3.68232

As F > Fcrit, we reject the null hypothesis (α= 0.05). The hardness means of the three particles
are not all equal. At least one of the means is different. A post hoc test of Tukey (Table 1)
revealed that all the hardness means for wood, biochar, and PP are significantly different
from each other.
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Individual modulus:
The ANOVA analysis for the modulus values of wood, biochar, and PP is as follows:
ANOVA
Source of Variation
SS
Between Groups
57.01803
Within Groups
1.785202
Total

58.80323

df
2
15

MS
F
28.50901 239.5445
0.119013

P-value
4.1414E-12

F crit
3.68232

17

As F > Fcrit, we reject the null hypothesis (α= 0.05). The modulus means of the three particles
are not all equal. At least one of the means is different. A post hoc test of Tukey (Table 2)
revealed that all the modulus means for wood, biochar, and PP are significantly different
from each other.

Vickers hardness of composites:
The ANOVA analysis for the Vickers hardness values of WPC and all WPBCs is as
follows:
ANOVA
Source of
Variation

SS

df

MS

F

Between Groups
Within Groups

0.028242
0.002421

5 0.005648 27.99597
12 0.000202

Total

0.030663

17

Pvalue
F crit
3.2E06 3.10587524

As F > Fcrit, we reject the null hypothesis (α= 0.05). The Vickers hardness means of all six
composites are not all equal. At least one of the means is different. A post hoc test of Tukey
(Table 3) revealed that following composites do not have significantly different means: a)
WPC and WPBC 6; b) WPBC 12 and WPBC 18; c) WPBC 24 and WPBC 30
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Post hoc analysis:
Table 1: Tukey test on individual hardness values of wood, biochar, and PP
Samples
Subset for alpha = 0.05
Treatments
Tukey Ba

N

1

PP

6

.10837550

2

Wood

6

Biochar

6

3

.30593200
.43807217

Means for groups in homogeneous subsets are displayed.
a. Uses Harmonic Mean Sample Size = 6.000.

Table 2: Tukey test on individual modulus values of wood, biochar, and PP
Samples
Subset for alpha = 0.05
Treatments
Tukey Ba

N

1

PP

6

1.57185169

Biochar

6

Wood

6

Means for groups in homogeneous subsets are displayed.
a. Uses Harmonic Mean Sample Size = 6.000.
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2

3

4.96132673
5.64105770

Table 3: Tukey test on composite’s Vicker’s hardness
Subset for alpha = 0.05
Treatments
Tukey Ba

N

1

A

3

.14154770

B

3

.16116170

C

3

.19515930

D

3

.20235110

E

3

.24386740

F

3

.25040540

Means for groups in homogeneous subsets are displayed.
a. Uses Harmonic Mean Sample Size = 3.000.
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2

3

11.2 Statistical analysis for chapter 8 (Appendix B)
ANOVA and post hoc analysis of tensile strengths of the composites:
ANOVA (TS Stg)
Source of Variation

SS

df

MS

F

P-value

F crit

Between Groups

334.378

3

111.4593

605.7572

1.12E-16

5.292214

Within Groups

2.944

16

0.184

Total

337.322

19

From the above table, it can be observed that F>Fcrit, hence, the null hypothesis is rejected. The tensile strength
means of the four samples are not all equal. At least one of the means is different. Therefore, following post hoc
test is done to identify where the difference lies.
Post Hoc 3 MAPP 2 MAPP 1 MAPP
2 MAPP
0.52
1 MAPP
0.58
1.1
0 MAPP
9.42
9.94
8.84
Coloured cells have significant mean differences

ANOVA analysis of tensile modulus of the composites:
ANOVA (TS Mod)
Source of Variation

SS

df

MS

F

P-value

F crit

Between Groups

0.77052

3

0.25684

1.712695

0.204547

5.292214

Within Groups

2.3994

16

0.149963

Total

3.16992

19

From the above table, it can be seen that F<Fcrit. Thus, the null hypothesis is accepted meaning that the
difference in means of tensile modulus of all the samples is statistically insignificant.
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ANOVA and post hoc analysis of flexural strengths of the composites:
ANOVA (FS Stg)
Source of Variation

SS

df

MS

F

P-value

F crit

Between Groups

985.382

3

328.4607

533.2154

3.07E-16

5.292214

Within Groups

9.856

16

0.616

Total

995.238

19

From the above table, it can be observed that F>Fcrit, hence, the null hypothesis is rejected. The flexural strength
means of the four samples are not all equal. At least one of the means is different. Therefore, following post hoc
test is done to identify where the difference lies.
Post Hoc 3 MAPP 2 MAPP 1 MAPP
2 MAPP
2.12
1 MAPP
0.88
3
0 MAPP
17.72
15.6
14.72
Coloured cells have significant mean differences

ANOVA and post hoc analysis of flexural modulus of the composites:
ANOVA (FS Mod)
Source of Variation

SS

df

MS

F

P-value

F crit

Between Groups

0.632329

3

0.210776

75.44368

1.17E-09

5.292214

Within Groups

0.044701

16

0.002794

Total

0.677031

19

From the above table, it can be observed that F>Fcrit, hence, the null hypothesis is rejected. The flexural moduli
means of the four samples are not all equal. At least one of the means is different. Therefore, following post hoc
test is done to identify where the difference lies.
Post Hoc
2 MAPP
1 MAPP
0 MAPP

3 MAPP 2 MAPP 1 MAPP
0.2064
0.129
0.3354
0.149
0.4844
0.278
Coloured cells have significant mean differences
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ANOVA and post hoc analysis of micro–hardness of the composites:
ANOVA (Vickers)
Source of Variation

SS

df

MS

F

P-value

F crit

Between Groups

0.008191

3

0.00273

13.787

0.001584

7.590992

Within Groups

0.001584

8

0.000198

Total

0.009776

11

From the above table, it can be observed that F>Fcrit, hence, the null hypothesis is rejected. The Vicker’s microhardness means of the four samples are not all equal. At least one of the means is different. Therefore, following
post hoc test is done to identify where the difference lies.
Post Hoc
2 MAPP
1 MAPP
0 MAPP

3 MAPP
2 MAPP
1 MAPP
0.00948
0.003269
0.006211
0.055573
0.065053
0.058842
Coloured cells have significant mean differences

ANOVA analysis of peak heat release rate (PHRR) of the composites:
ANOVA (PHRR)
Source of Variation
Between Groups
Within Groups

SS
625.2945
374.1499

df
3
8

MS
208.4315
46.76874

F
4.456641

P-value
0.040417

F crit
7.590992

11
Total
999.4444
From the above table, it can be seen that F<Fcrit. Thus, the null hypothesis is accepted meaning that the
difference in means of PHRR of all the samples is statistically insignificant.

Nomenclatures:
TS Stg= Tensile strength; TS Mod= Tensile moduli; TS Elg= Tensile elongation
FS Stg= Flexural strength; FS Mod= Flexural moduli; IP= Impact strength
SS= Sum of squares; df= Degrees of freedom; MS= Mean square
F= Fisher value; Fcrit= Fisher critical value; PHRR= Peak heat release rate
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Dog bone samples of biochar added PP composites
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