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ABSTRACT

This study reports on the incorporation of carbon nanotubes (CNTSs) into the all-waste derived
building bricks. The focus was on waste management and beneficiation of plastic waste and
coal ash, which are generated in large volumes without sufficient recycling. The waste
materials were characterized using a range of techniques to ascertain their properties for
application. Multiwalled carbon nanotubes (MWCNTs) were synthesized using a facile floating
chemical vapour deposition method (CVD) and their physicochemical properties were tested.
Bricks with dimensions of 220 x 105 x 70mm were developed with an optimum 85:15 coal ash
to plastic waste ratio respectively using a specialized reactor. The bricks were tested for
compressive strength, split tensile strength, water absorption, strain, thermal stability and
durability using oxygen permeability index, chloride conductivity index and water sorptivity
index as indicators. Furthermore, environmental and financial sustainability and
ecotoxicology were tested. At optimum conditions, high quality MWCNTSs with a diameter of
83 nm, length of 414 um and a carbon yield of 73% were obtained. The Ip/ls ratio of 0.44, an
oxidation temperature of 649 °C, a purity of 94% and surface area of 50.9 m?/g were achieved.
Coal fly ash with a spherical shape, particle size of below 10 micron and a thermal stability of
680 °C was used as an aggregate for the bricks. The bricks (without CNTs) developed their
maximum compressive strength of 11.9 MPa at 14 days. The incorporation of the CNTs
improved the microstructure of the bricks by filling the voids and providing a bridging effect
as reinforcement mechanisms. The optimum CNT loading of 0.05 wt.% produced bricks with
a compressive strength of 22 MPa and tensile strength of 8.7 MPa, which exceeded the South
African National Standards (SANS227:2007) requirements for building bricks by 450% and
625% respectively. The durability properties were improved as the CNT dosage was increased
from 0-10 wt.%. The 0.05 wt.% bricks were categorized as “good” for all the durability indexes.
The CNT containing bricks showed improved thermal stability and maintained their structural
integrity. The chemical resistance also improved and the efflorescence was minimal on all the
bricks. The utilization of waste in the bricks enabled resource conservation, reduced pollution
and reduced cost compared to conventional bricks. When only considering the raw materials
used, the cost of production per brick was $0.091. The ecotoxicology of the powdered brick
samples was tested on Raphidocelis subcapitata (microalga) and Daphnia magna (aquatic

organism) using leachates from neutral, acidic and basic mediums. Some heavy metals were



leached above the threshold limit especially in acidic medium. The leachates were toxic to the
test species at low concentrations and resulted in growth inhibition of the microalga and
immobization of the aquatic organisms. The toxicity of the CNTs was inconclusive and
dedicated tests are required to study their effect. With appropriate treatment of CFA, the
waste derived CNT bricks have a great potential of being a sustainable alternative to the

conventional bricks based on cost, properties and environmental impact.
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CHAPTER 1

1. Introduction

1.1 Background of the study

The large volumes of waste (e.g., paper, plastics, rubble, coal fly ash (CFA), coal bottom ash
(CBA)) generated by growing industries and increasing human activities puts pressure on the
waste management systems [1]. Unfortunately, not all industries or people can depend on
the local municipalities for a solution to the waste collection and management issues. This
ends up leading to the generation of unauthorized dumping sites that pose both
environmental and health risks. The accurate cost of waste not only involves the cost of
thrown away materials, but includes ineffective utilization of raw materials, futile usage of
water and energy, destruction of excess products, disposal of by-products, waste collection
and treatment, as well as wasted labour [2]. The cost of waste disposal is always on the rise
and also recycling incentives are provided to encourage the repurposing of the waste for
other applications. For example, in recent years the cost of plastic bags in South Africa
increased drastically to encourage consumers to reuse their bags or choose sustainable
alternative [3]. However, “reuse” is a lesser preferred measure, as is disposal, as they are
reactive approaches rather than preventative approaches to waste issues (see Figure 1.1) [4].
One method to achieve this aim is to replace the use of plastics with more sustainable
materials (i.e., cellulose from biomass) as a preventative measure [5]. Furthermore, greener
energy generation methods (i.e. hydro, solar and wind) are on the rise as alternatives to
substitute coal powered energy processes which produce high amounts of waste (i.e. carbon

dioxide and coal ash).



Most Prevention

Preferred
Re-use

Least
Preferred

Figure 1.1: Waste management hierarchy [4]

It is still a long journey to reduce the generation of waste. However, its production should be
minimized and managed effectively. There are many types of waste and can be categorized
in various ways for effective recycling as shown in Figure 1.2. The focus of this study is on solid

waste i.e., coal fly ash, coal bottom ash and plastic waste (low density polyethylene) and its

re-use.
Waste (solid)
Household = Commercial Industrial
Hazardous Non—haiardous
Special waste Conventional waste
(requires special control (recyclable waste i.e., plastic)
of handling and disposal)

Figure 1.2: Classification of solid waste

1.1.1 Plastics

Plastics are a significant part of our everyday lives owing to their versatility in application.

Industries use plastics for many applications that include packaging of food items and
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electronics to the manufacturing of plastic-based products such as chairs, toys, pipes,
automobile parts etc. [7]. One of the most widely used plastics in households are plastic bags
to carry groceries and clothing; they can be reused, for example to carry garbage for disposal

purposes [8].

Plastics have a greater global market due to lower processing costs, durability, strength and
chemical resistance [9]. However, these excellent stability properties of plastic also create an
environmental threat and is detrimental to the ecosystem. These plastics are chemically non-
biodegradable, making their disposal a major concern. This is due to the fact that plastic waste
lasts a long time—natural decomposition can take up to 500 years [10]. The thermoplastic
waste, which is primarily composed of poly-olefins, comprises over 32% of low-density
polyethylene (LDPE) and accounts for over 78% of the total plastic waste produced annually
[10]. This waste is generally placed in land fill sites. The plastic can persist in the form of
microplastics, finding its way into the ground water, tap water, river banks and ultimately the
sea [11]. Plastics are the largest contributor to aquatic life harm and have also become a

health risk to human life [11].

Recycling of plastics can reduce their negative environmental impact. Researchers have
focused on various recycling and reutilization strategies to transform plastic waste to
generate oil/gas products and energy [12,13], to produce carbon precursors applicable in the
synthesis of carbon nanotubes (CNTs) [14] etc. In order to create products with high
compressive and flexural strength and mechanical resistance comparable to typical concrete
products, the plastic waste can also be turned into aggregates for concrete mixtures [15]. It
is well known that plastic has a high linear burning rate and is highly flammable [16]. Fillers
are therefore needed to enhance its mechanical and physical qualities and lessen its

flammability.

1.1.2 Coal fly ash and coal bottom ash (coal ash)

Coal ash is another type of noxious combustion-waste, produced in large quantities by
thermal power plants. The waste is especially a challenge in a developing economy like South

Africa that heavily relies on coal combustion for energy generation due to the high availability



of coal. The power utility, (ESKOM, in South Africa) reported in 2018 that it generates 34.4 Mt
of coal fly ash annually. Currently, only 2.41 Mt is beneficiated while the rest is unutilized and
stored in ponds, landfills and ash dams [17]. The coal powered energy generation value chain
which involves coal mining, transportation, preparation, combustion and by-product storage
results in numerous unsustainable environmental impacts [17]. Furthermore, the CFA and
CBA both contribute to air contamination and can be considered health hazards. They consist
of fine particles (0.5-400 um) that can simply infiltrate the air passages and cause breathing

problems [18].

Research towards the use of CBA has been slower compared to that of CFA. The reasons are
that it makes up considerably less than CFA, at just 25% of the total amount of coal ash
generated [19]. Additionally, it has been shown that CFA is the more dangerous industrial
waste, whereas CBA is said to have fewer toxic elements. Lastly, CBA is inhomogeneous,

which makes it harder to recycle and limits its applicability [19].

Although CFA and CBA are both regarded as a waste product, they have been studied as
aggregate materials for various applications. They have valuable properties such as being
light weight, easy availability, low density, chemical inertness and thermal stability [20]. The
largest application of CBA is as an aggregate in construction composites because its particle
size distribution is similar to that of sand [21]. The largest consumers of CFA are the cement
industry, utilizing more than 40% of the fly ash produced annually worldwide [22]. However,
a specific grade of coal ash, with low loss on ignition (LOI), is required for application in

construction, thus leaving the unrequired grades in ash dumps [23].

The residual carbon in coal ash can absorb water and chemical admixtures (such as
superplasticizers and air-entraining agents) in cement composites, decreasing their
effectiveness or perhaps leading to an insufficient air-void system in the concrete. The
pozzolanic reaction is inhibited by the lower fineness brought on by the coarser carbon
particles [26]. Thus, it is commonly anticipated that low-quality coal ash with a high LOI and
low fineness may hinder the development of concrete's strength [27]. Due to their ceramic-
like properties, ash-based composites generally exhibit quasi-brittle behaviour together with

poor tensile strength and fracture toughness [28].



The limitation of the current studies with the use of waste in building bricks is their low
inclusion due to the properties of the bricks being compromised at higher waste dosages. Coal
ash is usually used as a partial replacement of cement/ clay in bricks and it is mostly applied
in concentrations of up to 40 wt.% [29]. This is because cement/clay are the primary strength
developing aggregates used in conventional bricks and their reduction affects the mechanical
properties. In a recent study, Islam et al., found that higher amount of CFA (20% and 25%)
replacement showed lower compressive strength of the bricks at 28 and 90 days. This was
attributed to the increase in silica (contained in CFA) and the gradual reduction of calcium
oxide (contained in OPC) in the concrete, leading to unavailability of CaO for pozzolanic
reaction. Furthermore, it was found that the workability of fresh concrete reduced when the
inclusion of CFA exceeded 10% of the cement [30]. Siddique, used higher loadings of CFA and
observed that the inclusion of 35%, 45%, and 55% CFA as a replacement for cement resulted
in reductions of 23%, 36%, and 49% in the split tensile strengths of concrete bricks,
respectively [31]. Other researchers found that the flexural strength of 10%, 20%, 30% and
40% CFA concrete decreased by 5.26%, 7.89%, 10.53% and 21.05% respectively, compared to
the control at 28 days [32].

Plastic waste is currently used as a partial replacement of fine and coarse aggregates such as
sand and stones at dosages of up to 40 wt.% [33]. Vanitha et al., used plastic waste to partially
(0-10 wt.%) replace coarse aggregates in concrete blocks. It was found that above 4 wt.%
inclusion, the compressive strength decreased by 9% [34]. Osei et al., found that the use of
plastic aggregate in structural concrete at dosages higher than 36% was not suitable as it
reduced the compressive strength. The only desired property obtained by the higher dosages
of plastic waste was lighter composites [35]. Jaivignesh et al., replaced fine and coarse
aggregates in concrete with 10%, 15% and 20 % plastic waste and also added steel fibers to
counter the impact of plastic on the compressive strength. The composites still suffered a
reduction in compressive strength and as such it was concluded to use plastic waste as a green

aggregate despite its impact on the compressive strength [36].

The use of coal ash as a 100% replacement of conventional strength developing aggregates
such as cement and clay is novel to this study. The coal ash is solely used as an aggregate and

does not impart its pozzolanic properties which are known to facilitate the hydration reaction
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and strength development due to the absence of water. Furthermore, plastic waste was used
as a binder (liquified), unlike it is conventionally used (shredded solid particles) as a partial
replacement of fine and coarse aggregates. The use of CNTs as a reinforcement filler in the
all-waste derived bricks is unique to the study. The CNTs are incorporated to counter the
negative impact of the waste materials on the properties of the bricks as previously reported

in literature.

Recent studies have focused on the use of nanomaterials for composite reinforcement,
including graphene-based materials, nanosilica, nanotitanium dioxide (TiO2), and CNTs [37-
39]. CNTs have a high surface area and high aspect ratio in addition to having exceptional
mechanical, electrical, thermal, and optical properties [40]. With a tensile strength of 150
GPa, which is 100 times higher than steel [41], CNTs are lightweight materials that greatly
enhance the mechanical properties of composites. The filler-effect caused by their nanosize
and hydration chemistry improves the behaviour of coal ash binders both fresh and hardened,
as well as reducing shrinkage-related micro and macrocracks [42]. The mechanical properties
of cement are significantly improved by the inclusion of small amounts of multi-walled CNTs
(MWCNTSs), between 0.05 wt.% and 0.5 wt.% [43]. When CNTs are added to concrete, it is
anticipated that the compression strength would rise to 200 MPa, enabling the building of

skyscrapers that reach mile-high heights [42].

The disposal of plastic and coal ash (CFA and CBA) is unsustainable and is too costly to
manage; it is already forbidden in certain countries [44,45]. Thus, alternative applications are
required for the utilization of these waste materials. In this study, a green sustainable
approach was developed to utilize waste materials (plastic and coal ash) for the
manufacturing of CNT reinforced bricks. This encourages a closed resource loop by

transforming waste to high value products.

1.1 Motivation of the study (Problem Statement)

Plastic waste is the largest contributor of global solid waste [46]. This is due to its high
production rate for application in many industries. However, plastic reuse and recycling

processes remain a challenge since the waste is not adequately categorized for further



processing. Another waste generated in large quantities is coal ash (CFA and CBA) [47]. This

waste has limited applications compared to the rate of its production.

The application of plastic waste to produce materials for building is a conceived and tested
idea [48-50]. Although this has also been achieved using coal ash, the process often involves
the use of other materials such as cement. Also, the use of coal ash for making bricks using
the standard processes is limited by water scarcity, as the process involves the usage of high
volumes of water [51]. Furthermore, the application of waste materials in bricks has been
shown to compromise their properties; as such it is added in limited amounts to maintain the
desired properties that are acceptable for building bricks. This restriction further reduces the
amount of waste that is recycled. Thus, alternative ways of making useful products from coal

ash and plastic waste are desired.

Our approach was the novel simultaneous incorporation of CNTs, coal ash and plastic waste
to develop bricks. Due to their excellent properties, CNTs provide strength, binding capacity
and thermal stability to the final product. The incorporation of the CNTs in the bricks ensures
that higher volumes of waste are used in the bricks without compromising their properties.
This is due to the superior properties they impart as a reinforcement to the bricks. The
synthesis of these bricks does not require cement and thus, no water was used during
production. This approach also reduced pollution while creating useful products from waste
that are generally not used in the conventional synthesis of concrete mixtures and bricks.
Moreover, the bricks were eco-friendly, sustainable and low-cost as the method used waste
materials and greener processes. Ultimately the successful use of such nano-enhanced bricks
will potentially lead to the creation of new products, jobs while solving environmental waste

problems.

1.2 Purpose of the study

1.2.1 Research questions

The study sought to answer the following research questions.

e Will the waste materials be suitable to develop the eco-friendly bricks?



What concentration of CNTs will be required to reinforce the composite for their
application as building materials?

Will surface treatment of CNTs significantly improve their dispersion in the
composite?

Will the CNTs and coal ash improve the thermal stability of the composites? If not,

what modification will be done?
Will CNTs significantly improve water resistance and durability of the composites?

Will the composite materials be strong enough (mechanical strength) for structural

application in building and construction?

Will the developed bricks be more environmentally and financially sustainable

compared to the conventional bricks?

1.2.2 Aim of the study

The aim of the study is to develop building and construction eco-friendly bricks derived

from CNT-reinforced waste materials (plastic and coal ash).

1.2.3 Objectives

To collect, classify, pre-treat and characterize CFA, CBA and plastic waste materials

(LDPE) using a range of techniques.

To functionalize and characterize the synthesized CNTs in order to increase their

dispersion in the bricks.

To study the physicochemical properties of the bricks developed from different raw
materials and the effect of the inclusion of CNTs. Furthermore, test their applicability

according to the building and construction standards.
To study the durability properties of the developed bricks.

To assess the environmental impact and financial sustainability of the developed

bricks as compared to the conventional bricks.



1.2.4 Hypothesis of the study

The expected properties of the engineered building bricks are summarized:

e High strength desired for building. The bricks can be made stronger than concrete
bricks but not too strong to prevent them from being cut and chiseled with the usual

tools.

e The bricks should possess hydrophobic properties as a result of the incorporated CNTs.
This means they should not absorb excess water into their internal structure. Thus,

possess high durability.

e The bricks must be thermally stable to withstand high temperatures desired for

buildings.

The proposition of this study is that the CNT-reinforced bricks will have a great potential with

comparable and even improved properties relative to conventional concrete/ clay bricks.

1.3 Thesis layout

This thesis does not have a dedicated methodology chapter, but rather details the methods

and procedures undertaken in each chapter.
Chapter 1 gives a background, motivation, aim and objectives of the study.

Chapter 2 presents a detailed literature review of the work that has been done and highlights
the identified gaps that are bridged by the study. This chapter has been published: B
Makgabutlane, M Maubane-Nkadimeng, N Coville and S Mhlanga, ‘Plastic-fly ash waste
composites reinforced with carbon nanotubes for sustainable building and construction

composites: A review’, Results in Chemistry, 2022, 4, 100405.

Chapter 3 details the synthesis of carbon nanotubes using a facile approach of a floating
catalyst vapour deposition. Parts of this work were published in a conference proceeding: B
Makgabutlane, M Maubane-Nkadimeng, N Coville and S Mhlanga, 'Facile floating catalyst
chemical vapour deposition synthesis of multiwalled carbon nanotubes for application in

sustainable construction,' TechConnect Briefs. 2022, ISBN: 979-8-218-00238-1.



Chapter 4 reports on the characterization of all the raw materials (coal fly ash, coal bottom
ash and low-density polyethylene) used in this study.

Chapter 5 presents the application of carbon nanotubes as a reinforcement filler in the waste
derived bricks.

Chapter 6 outlines the durability of the bricks under various conditions.
Chapter 7 focuses on the environmental and economical sustainability of the bricks.

Chapter 8 concludes the study and gives recommendation on the future prospects.
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CHAPTER 2

PLASTIC-FLY ASH WASTE COMPOSITES REINFORCED WITH CARBON NANOTUBES FOR
SUSTAINABLE BUILDING AND CONSTRUCTION APPLICATIONS: A REVIEW

2. Introduction

Bricks are a large and important part of the building and construction industry and have been
used as masonry units due to the strength and durability they provide in structural
applications [1]. The properties of each brick produced depend on the raw materials used
and their preparation methods [2]. The commonly used bricks are those produced from clay,
cement concrete and recently fly ash, with clay bricks being the most ancient and widely used
[3]. Clay is made up of alumina and silica, with the latter being the promoter of particle fusion
at low temperatures and determines the colour of the brick produced [4]. A typical brick
manufacturing process involves: i) raw material preparation and mixing, ii) brick formation,
iii) drying, iv) firing and v) cooling [4]. Clay bricks are either burnt (fired) or unburnt (unfired)
during the production process. Burnt clay bricks obtain their strength through the sintering
process, where the crystalline mineralogical phases in clay are fused into the pores to
strengthen the microstructure of the brick. Their mechanical and durability properties are
also dependent on the type of clay, water ratio, burning and curing process [5]. Unburnt clay
bricks are normally incorporated with lime stabilizers to foster the pozzolanic reaction, which
ensures effective particle bonding and thus aids the stiffness and mechanical strength in the
bricks [6]. Furthermore, the size and geometry of the bricks have an effect on the mechanical

performance of wall panels [7].

Concrete bricks are another type of conventional brick made of Ordinary Portland Cement
(OPC), water, aggregates and additives [8]. Aggregates in concrete bricks comprise of 65-70%
of the total volume of a brick [9]. Thus, the construction industry is considered to be among
the largest consumer of natural resources. The process of cement production is an energy
intensive one using about 4 GJ energy per ton of cement produced [10]. Furthermore, 622 kg
of CO; per ton of cement is produced as well as other hazardous greenhouse gases during
fuel combustion and limestone-calcination [10]. Similarly, clay bricks use great amounts of

natural resources which causes ecological degradation due to excessive movement/removal
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of the brick constituent from the environment. The firing process to make burnt clay is
normally performed at temperatures between 1000-1200 °C and can take up to 5 days [11].
This process is almost 300% more energy demanding as compared to the manufacturing of

concrete bricks [10].

It is evident that the conventional brick production methods are not environmentally benign
as they contribute a great deal to carbon emissions and are also not economically sustainable.
The building and construction industry is the backbone of the economy for many countries,
and as such, alternative ways of producing bricks in the future that are eco-friendly and
affordable is crucial. This is also important in addressing the sustainable development goals
(SDGs), such as SDG 13 of climate action; which has an agenda of reaching net zero carbon by
2050 [12]. Furthermore, sustainable building materials speaks to SDG 9 & 11 of industry
innovation and infrastructure and sustainable cities and communities respectively [12]. The
application of sustainable building materials has a positive impact on both the quality of

people’s lives and the environment.

The incorporation of waste into bricks as sustainable construction materials is among the
studies that have gained considerable attention. This is due to rapid industrialization that
results in the production of large volumes of waste which causes disposal and handling
problems. Moreover, significant volumes of construction materials are necessary for the
creation of infrastructure, such as used in buildings for housing and industries as well as
facilities water and sewage storage [13]. Thus, sustainable approaches are required to meet
this ever-growing demand. Zero-cement products known as alkali-activated bricks have been
developed as sustainable construction materials [14]. These products utilize waste such as
rice husk, fly ash, bottom ash, cement kiln dust, blast furnace slag and mine tailings [15-17].
These bricks are produced by alkali activation (sodium hydroxide (NaOH) or potassium
hydroxide (KOH)) of the aluminosilicate source material. Alkali-activated bricks are developed
through a process of geopolymerization. The process relies on the particle size, loss on
ignition and the alumina-silica content of the source materials [18]. The process results in
creation of high strength eco-friendly products with a compressive strength between 5-60
MPa and a density of 1400-1500 kg/m?3 [19]. For example, Gavali et al., produced alkali
activated bricks using co-fired blended ash and stone with a compressive strength of 5-15

MPa, water absorption of 6-14% and thermal conductivity of 0.35-0.40 W/(m.K) [17].
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Similarly, in another study Gavali et al., used the same industrial waste to make sustainable
bricks. The alkali activated bricks resulted in bricks with a reduced cost (7%), embodied energy
(22%) and lower operation energy (13%) compared to bricks used in conventional buildings

[20].

Reusing construction concrete waste materials (i.e. ceramics, bricks, blocks, pillars) as
pozzolanic admixtures in the production of new products is another sustainable approach to
minimize the depletion of natural aggregates, reduce energy usage and environmental
pollution. These waste materials mainly come from demolitions, renovations and products
with defects. They effectively substitute or even replace cement and aggregates in
construction materials [21]. The waste is crushed and used as either small or large aggregates.
The replacement ratio is normally between 1- 50 wt.% of cement or aggregates [21]. Gencel
et al., replaced clay with up to 15 wt.% concrete waste and obtained a compressive strength
of about 7 MPa, which met the required standard [22]. There are other waste materials that
have been incorporated into bricks to reduce the reliance on non-renewable resources. These
include paper processing residues, cigarette butts, textile sludge, mill scale, marble slurry,
polystyrene foam, straw, polystyrene fabric, cotton waste, dried sludge, rubber, wood

sawdust and waste plastic [23,24].

When hybrid composites, consisting of reinforcement and matrix materials are made, the
former impart their distinct mechanical and physical properties to the brick to enhance the
matrix properties [25]. The incorporation of waste materials in construction composites can
compromise some of the brick properties. For example, plastic waste is known to have a high
linear burning rate which renders it flammable [26]. Its incorporation in construction
materials compromises the thermal stability of the product, which is a set standard

requirement.

This review seeks to evaluate the application of waste materials, in particular, coal fly ash and
plastics, their typical replacement ratios and their physicochemical properties, in construction
composites (bricks). The influence of nanomaterials, especially CNTs, as a reinforcement filler
in the brick composite made of waste, is also described. As will be seen, the success of hybrid
composites is based on strong linkages between the individual materials to ensure the
nanomaterials do not agglomerate in the composite and actually facilitates load transfer.

Thus, a mechanism is proposed with the aim of understanding the interaction of waste
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materials and CNTs within the composite. Lastly, the potential release of CNTs to the
environment is review. This is to ensure safe usage of CNTs from application to end of life

cycle of its products.

2.1 Application of waste materials in construction composites

The generation of high volumes of waste is both an environmental and economic challenge.
It has become unsustainable to manage this waste. Thus, recycling of waste into valuable
products has become part of the sustainable development goals for many countries. Plastic
waste and coal fly ash are among the largest contributors of solid waste generated by the
plastics (polymers) and mining industries respectively [27]. The rate at which these waste
materials are generated requires large industrial applications, such as in the building and
construction industries, to utilize them. The application of plastic waste and coal fly ash in

construction composites is reviewed below.

2.1.1 Waste Plastics

Plastics are among the largest contributors of the total global solid waste generated, with
low-density polyethylene (LDPE) being the most produced [28] (Figure 2.1). LDPE plastics
mainly include household items such as plastic bags, squeezable plastic bottles, frozen food
containers, and cosmetic and detergent bottles [24]. These items are generally used once
and discarded, typically in disposal sites. They also later find their way into the ground water,
riverbanks and ultimately the sea. South Africa ranks as the 11t country (out of 192 countries)
with the highest level of mismanaged plastic waste entering the ocean [29]. Plastic waste
pollution in the costal environment has an adverse effect on aquatic life and poses a health
risk to humans [30]. Thus, recycling and reusing plastic is a sustainable solution for reducing
the negative impact the waste has on both the environment and the quality of life. The
recyclability of plastics is dependent on their type and properties. Plastics are categorized as
either thermosets or thermoplastics according to their characteristic properties [31].

Thermoset plastics have polymers that combine to form irreversible chemical bonds during
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curing process. Their strength is reinforced when heated, however, following the heating they
cannot be reshaped or reheated [32]. Thermoplastics are the most common type of plastic
and are easier to recycle and reuse due to their ability to be molded and remolded. Current
thermoplastics soften in the range of 65°C-200°C [33]. The prominent characteristics of
typical thermoplastics are shown in Table 2.1. These properties inform their suitability in
application and their recyclability. Polyethylene terephthalate (PET) has the highest melting

point and would thus require higher energy to recycle compared to the other types of plastics.
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Figure 2.1: Estimated quantities of waste plastic generated in a year (PET= polyethylene
terephthalate, HDPE= high density polyethylene, LDPE= low density polyethylene, PP=
polypropylene, PS= polystyrene) [34]

Table 2.1: Properties of different plastics commonly found as waste in the environment [35]

Properties of plastics Types of plastics
Low-density  High-density Linear low- Polypropylene Polyethylene
polyethylene polyethylene density terephthalate
polyethylene
Density (g/cm?) 0.92 0.94-0.96 0.92 0.905 1.37
Melting point (°C) 105-111 126-135 130 160 225
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Max service temperature 80 80 50 80 70
(°C)

Tensile strength (MPa) 0.2-0.4 0.2-0.4 0.2-0.4 0.95-1.3 0.25
Notched impact strength No break No break No break 3-30 1.5-3.5
(kl/m?)

The application of plastics is vast due to their inherent characteristics such as high impact
resistance, their light weight and flexibility to be molded into different shapes. They are also
resistant to bacteria [34]. However, they are not biodegradable. Notably, there are benefits
to incorporating plastic waste in construction materials (Figure 2.2). According to Figure 2.2,
the usability lifespan of plastics is shorter than its non-usability life span and thus, the plastic
persists for years as unusable waste rather than as a valuable product. Similar to coal fly ash,
it is a waste by-product which persist longer as waste than a valuable product due to its
limited applications. In contrast, concrete has a longer usable lifespan than its non-usable
lifespan [36]. Therefore, the insertion of waste such as plastic and fly ash in concrete materials
is a sustainable approach for recycling and safely disposing waste products. Importantly, the
limitations of labour intensive sorting, which is a strict requirement in other industries, is
exempted in some construction applications [27]. This makes the recycling process easier and
less costly. Furthermore, the utilization of waste in construction materials not only reduces
pollution but also the number of natural aggregates used, which are responsible for

environmental degradation and the depletion of natural resources.
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Figure 2.2:The benefits of using waste in concrete, C= concrete, FA= fly ash, P= plastic [36]

2.1.1.1 Processing plastics for application in construction composites

Like any composite material, the controlling factor towards the successful application of the
composite is the interfacial transition zone between different materials. The substitution of
natural aggregates such as sand with plastic reduces the density and compressive strength of
a composite at high substitution ratios, resulting in a loss of strength [37]. This may be as a
result of the hydrophobic surface of the plastic leading to excess water, thus, increasing voids
and also of poor bonding between the plastic and the matrix. Appropriate mix design as well
as the choice of the type of plastic waste can limit the reduction of strength [8]. Furthermore,
reduction in compressive strength can be minimized by improving the chemical and physical
bonding in the concrete mix. Different physical and chemical approaches exist to achieve this

in construction mixtures.

Physical approaches, such as shredding plastic to smaller particle sizes is normally the first
treatment step. During shredding, the size of the plastic is reduced to a range of 2.36 mm-
4.75 mm. This process has been shown to improve blending in concrete mixes and to
minimize the loss of compressive strength [38]. Tulashie et al., used shredder blades to obtain

3 mm plastic waste. The shredded plastic, together with the pit sand or sea sand, were placed
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in an extrusion machine in batches. The batches were melted at 175 °C until there were no
longer flakes [38]. In another study, LDPE was grinded after being melted at 120 °C into a
semi-liquid form using a pestle and mortar. Then a 4.75 mm sieve was used to achieve the
desired particle size. Additionally, a rotary grinder was used for shredding plastics to fine
aggregates of less than 500 um [39]. Chen et al., proposed a simple method of processing
waste plastic in concrete mixes. The waste plastics were directly placed in a screw extruder
and pelletized without any mechanical size reduction. Together with the filler and coupling
agents, the pellets were again passed through the extruder machine. The initial size of the
plastics was not important as the plastics melted and different segments stuck together to
form homogeneous pellets [40]. It is noteworthy that mechanical size reduction, shredding or
pelletization makes it easier for the fine plastic particles to mix with solid material before
heating. When the plastic composition, on melting, becomes viscous, it becomes a challenge
to mix with other aggregates such as concrete, stone and sand [35]. Thus, the mix design is
important to ensure plastics mix homogeneously throughout the composite to give a good

matrix and effectively improve the mechanical strength.

Chemical compounds such as sodium hydroxide and sodium hypochlorite have been used to
treat the surfaces of plastics prior to mixing with construction mixtures [41]. Plastics are
expected to mix physically with concrete mixtures rather than form chemical bonds.
However, oxidising agents such as sodium hydroxide enables a chemical reaction to occur
between the polymer chains and the concrete by modifying the polymer surface functional
groups. The polymers can also contain ionic groups (hydroxide, oxide) that will bind to the
concrete [41]. Choi et al., treated shredded PET bottles between 5-15 mm with ground
granulated blast furnace slag (GGBS). The aim was to solidify the aggregate with GGBS and
foster a reaction which resulted in formation of a pozzolanic material due to the

strengthening of the interfacial zone between a cement paste and the aggregate [42].

2.1.1.2 Properties of construction composites with waste plastics

The plastic wastes are incorporated as aggregates, binders, or molds in construction materials
(Table 2.2). As aggregates, plastic wastes were found to be favorable in reducing the cost of
concrete, improving resistance to impact loading and changing the modes of failure of

concrete from brittle to ductile [8]. Furthermore, waste plastics can be incorporated in bricks
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to improve their porosity while firing and to reinforce bricks under ambient temperatures
[24]. PET waste plastic was reported to improve resistance to corrosion especially against
sulfuric acid and also found to make the concrete lighter [43]. In plastic-related studies waste
materials were prepared by cutting or shredding them into narrow strips or little fibers in a
range of a few millimeters [24]. Limami et al., used HDPE and PET as fine aggregates (1-6 mm)
in unburnt clay bricks [44]. Xu et al., used expandable polystyrene (PS) (3 mm) to manufacture

lightweight concrete and bricks [45].

In brick and concrete production, waste plastics partially replace one or more of the
conventional materials. The replacement ratios are typically from 0.1 to 15%, although in
some studies up to 80% waste plastic has been used as a binder material [46]. For example,
Hannawi et al., replaced sand with 3%, 10%, 20% and 50% of PC and PET waste plastic in
mortar [47]. Natural aggregates were partially replaced with PET in burnt clay bricks [48]. It
was observed that concentrations above 15% of PET led to disintegration of the bricks at high
temperature. Thus, concentrations less than 15% PET were optimum for fired clay bricks using

controlled conditions [48].

Table 2.2: Physical properties of recycled plastics and their possible construction
applications [34]

Plastic Physical properties Possible construction application
High-density polyethylene (HDPE) Rigid Plastic lumber, table, chairs
Low-density polyethylene (LDPE) Flexible Bricks, blocks, stepping stones, pillars
Polypropylene (PP) Hard and flexible Aggregate in asphalt mixtures
Polystyrene (PS) Hard and brittle Insulation material

Polyethylene terephthalate (PET) Hard and flexible Fibres in cementitious materials
Polycarbonate (PC) Hard and rigid Aggregates in cementitious materials

The incorporation of plastic waste into construction composites has environmental benefits
of reducing pollution and producing new construction materials with distinct properties
compared to conventional materials. Belmokaddem et al., studied the mechanical and
physical properties of concrete containing plastic waste aggregates. Three types of plastic

waste were used (i.e. HDPE, PET and polyvinyl chloride (PVC)) to substitute natural aggregates
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in different amounts (25, 50 and 75%) [49]. It was noted that the use of plastic waste reduced
the density of the composite and the lowest dynamic elastic modulus was recorded for
composites containing 75% HDPE, which corresponds to a more ductile composite. The
lowered dynamic elastic modulus resulted in more deformable concrete composites which
can be used in flexible structures. An improved thermal insulation was detected using
composites with 75% PVC and all the composites containing plastic aggregates showed a low
heat capacity. This suggests the use of these materials as durable concrete pavements that
alleviate the night-time island effects due to high temperature differences between daytime
and nighttime. However, a decline in the compressive strength upon an increase in plastic
aggregate substitution was noted [49]. It is noteworthy that the concrete and bricks with
waste plastics still showed a relatively high compressive strength which is acceptable
according to building and construction standards. Mondal et al., observed a decline in the
compressive strength of bricks from 34 MPa to 17 MPa upon addition of 0-10 wt. %
polycarbonates, polystyrenes and mixed plastics [50]. Interestingly, Herki et al., detected no
change in the concrete compressive strength up to 30 wt. % waste using expanded
polystyrene replacement [51]. In another study, 3 wt. % polypropylene waste plastic was

found to be the maximum for sand replacement in burnt clay bricks [52].

Plastic replacement optimization studies are required to ensure that the properties of the
construction composite meet those of the desired application. Table 2.3 shows the
application of waste plastic in bricks using various replacement ratios. In sand bricks, waste

plastics are used as binders without the use of cement or pozzolanic aggregates.

Bricks are classified according to their properties, which informs their application. First-class
bricks refer to bricks with a compressive strength of about 14 MPa, with a water absorption
rate of not more than 20% when immersed in water for 24 h. These bricks are great for
flooring and external walls applications [52]. Bricks with compressive strength of not less than
7 MPa and water absorption of not more than 22% are classified as second class. This type is
not necessarily preferred for flooring, but good for walls that do not require plastering. The
third class of bricks has a compressive strength that ranges between 3.5-7 MPa, with water
absorption of not more than 26% and are used in ordinary construction. Class four bricks have
low porosity and strength of about 15 MPa, this type is not good for building purposes and

usually applied in road construction [52].

24



Alaloul et al., investigated the effect of polyethylene terephthalate (PET) and polyurethane
(PU) on the mechanical strength and thermal stability of interlocking bricks. A compressive
strength of 5.3 MPa was obtained for a PET/PU brick with a 60:40 ratio, suitable for a non-
load bearing masonry brick wall such as a partition wall. A low thermal conductivity of
0.153 W/mK was achieved for a PET/PU brick with a 80:20 ratio which signifies a good thermal
insulating material [53]. Bharathi et al., obtained a compressive strength of 55.91 MPa which
is 88.59% higher than the standard clay bricks, upon employment of 60 wt. % waste plastic in
sand bricks. The water absorption was also reduced from 19.8% of conventional bricks to
0.452%. The properties of waste plastics thus show their potential application in different

types of innovative building and pavement bricks.

Table 2.3: Recent applications of waste plastic in bricks

Polymer Replacement Type of Other Application  Brick Test performed Ref
% replacement materials dimensions
(mm)
PP 1-5 Shreds Crushed Aggregate 150 x 100 x Water [52]
glass, clay 63 Absorption,
Shrinkage,
Mechanical
strength
PET& 60:40 Shreds - Binder 64x13x3.2 compressive [53]
PU strength,
impact,
flexural

strength and
thermal
conductivity
LDPE 20 Pellets Sand, Aggregate 40 x20x 10 Compressive [31]
cement strength
Water
absorption
Drag strength
PET 30, 20 Shreds Sand Binder 222 x 106 x Durability [54]
73 through acid,
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PP & PE 10-30 Shreds Sand Binder

LDPE 33.33-66.67 Shreds Sand Binder

HDPE 100 Shreds - -

LDPE 5-20 Shreds Sand, Aggregate

cement,
coal fly

ash

200 x 195 x
100

200 x 150 x
100

240 x 120 x
60

190 x 90 x 90

Water
absorption
Compressive
Tensile
strength
compressive
strength,
efflorescence,
water
absorption,
soundness,
fire resistance
test

Thermal
conductivity
Bending stress
Compressive
strength
Thermal
properties
Fire resistance
test
Compressive
strength
Water
absorption
Efflorescence
test
Soundness
test

Crushing test

(55]

(56]

(57]

(58]

*PP: polypropylene, PET: polyethylene terephthalate, PU: polyurethane, LDPE: low density polyethylene HDPE: high density

polyethylene

2.1.2 Coal fly ash

Coal fly ash (FA) is a cementitious coal combustion by-product produced by thermal power

plants in large volumes [59]. Fly ash dumps take up space and cause contamination of the
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environment in the long term. Its disposal is not sustainable because it is costly and soon will
be forbidden. Although fly ash is considered a waste product, it has been used in the
production of valuable products. This is due to its cementitious, alkaline and pozzolanic
properties [60]. The utilization of fly ash as an environmentally benign product has received
great attention, since it is freely available , cheap, and would reduce its environmental impact
(pollution and wasted land) [60]. In South Africa, fly ash is mainly used in the cement and
concrete industry. Other limited applications of fly ash are in soil stabilization, agriculture,

low-cost adsorbents and for the synthesis of zeolites and geopolymers [61].

2.1.2.1 Properties of coal fly ash

The appearance of fly ash varies from grey to black, and its colour gives information about its
properties and composition [61]. Fly ash consists of small particles (0.5-200 um) as a result of
the combustion process, coal source etc. and is mostly alkaline and refractory in nature [60].
It is spherical in shape and contains irregularly shaped minerals and unburnt carbon. The
hollow cenospheres and irregularly unburned carbon content tends to have larger sizes as
shown in Figure 2.3. Moreover, fly ash with lower calcium levels is normally coarser than high-
calcium ashes. The specific surface area of fly ash is 150 m?/kg for mechanically collected fly
ashes and 1200 m?/kg for ones collected by electrostatic precipitators. Its specific gravity is in
the range of 1.90 to 2.96 for subbituminous ash and iron-rich bituminous ash respectively

[62].
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(5.
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Figure 2.3: SEM image of a representative sample of coal fly ash particles in the range of
10-100 um [63]

The main components in fly ash are silicon (Si) and aluminium (Al) with minor amounts of
sulphur (S), sodium (Na), iron (Fe), titanium (Ti), phosphorus (P) and calcium (Ca) [64]. Fly ash
also contains trace amounts of elements, such as chromium (Cr), barium (Ba), nickel (Ni),
palladium (Pb), strontium (Sr), vanadium (V) and zinc (Zn). The major mineral compound in
fly ash is amorphous aluminosilicate (glass) and the major crystalline minerals are quartz and
mullite. Other crystalline minerals present in fly ash include but are not limited to,
anhydrides, hematite, feldspars, periclase, wollastonite, cristobalite and lime [65]. The
composition of fly ash depends on factors such as the type of coal burnt, the process of which
the coal undergoes before and during the combustion process [66]. Mullite is produced during
coal combustion of decomposed clays, and doesn’t normally contribute in the cementing
reaction because of its low reactivity. Similarly, quartz is generally unreactive during the fly
ash hydration. Classification in terms of surface chemistry, mineralogy, composition, and
reactivity is significant for fly ash applications [64,67]. Notably, South African fly ash is
reported to have high concentration of silica (SiO;) and alumina (Al>O3), making it suitable in

the construction industry and as a zeolite precursor.

According to the American Society for Testing Materials (ASTM), fly ash can be classified based

on its chemical composition (i.e., SiO2, Al,03 calcium oxide (CaO) and iron oxide (Fe20s3)
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content) into two categories, namely Class C and Class F (Table 2.4). Class C fly ash is normally
produced from the combustion of lignite or sub-bituminous coal. It contains between 50 and
70 wt.% of SiO,, Al,O3 and Fe;03 and the fly ash also has a high lime content. Class F fly ash is
formed from the combustion of harder, older anthracite and bituminous coal. It contains

more than 70 wt.% of SiO», Al,O3 and Fe;0s3 and ha a low content of lime.

Table 2.4: Classification of coal fly ash according to ASTM

Fly ash class
Property

Class C Class F
Silicon dioxide (SiO2) + aluminium oxide (Al203) + 50 70
Iron oxide (Fe203), min. (%)
Sulphur trioxide (SO3), max. (%) 5 5
Moisture Content, max. (%) 3 3
Loss on ignition, max. (%) 6 6
Available Alkalis (as NaOH) max. (%) 1.5 1.5

A cement agent like cement, hydrated lime or quicklime are required for Class F coal fly ash
in order to possess cementitious properties. The incorporation of sodium silicate as an alkali
activator to Class F coal fly ash may result in geopolymerization. The combustion of younger
sub-bituminous coal result in high calcium fly ash with pozzolanic and self-cementing
properties. Furthermore, higher contents of sulphur were also found to be beneficial in
enhancing the self-cementitious strength of fly ash [68]. Class C coal fly ash have increased
strength over time in the presence of water. More than 20% lime (calcium oxide) is possessed
by Class C coal fly ash. Thus, unlike Class F fly ash, an activator is not required for self-
cementing Class C coal fly ash because of the higher content of alkali and sulfate [69].
However, coal fly ash with low calcium content has been used in the production of
geopolymers or as an admixture in concrete and has shown good performance [62]. High
calcium fly ash has been suggested to contribute to premature distress in concrete. The
instability in concrete caused by high levels of calcium oxide is a major concern which hinders

fly ash applications [62].
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2.1.2.3 Application of coal fly ash in construction composites

In the construction industry, fly ash has been applied as either a raw material or additive in
cement products. It is useful in the substitution or replacement of cement in concrete and
other building applications due to its pozzolanic properties [70]. The incorporation of fly ash
as an aggregate enhances workability and minimizes the bleeding of freshly mixed concrete.
Class F fly ash replacement of cement reduces the heat of hydration and the possibility of
cracking in concrete in its early stage of formation [71]. Hardened fly ash composites have
great strength and low permeability [72]. Furthermore, the addition of fly ash could save

production costs.

According to the ASTM the maximum loss on ignition (LOI) of fly ash should be 6% (Table 2.4)
for application in concrete. LOI gives an indication of the residual carbon in the fly ash.
Furthermore, LOI values also provides an indication on the presence of carbonates and water
in clay minerals. However, the main contributing factor is the carbon combustion [73]. LOI of
the carbon content and the fineness of the material are two properties of concern in using fly
ash. They are often interdependent because a high carbon content (high LOI) results in a
coarser fly ash due to the coarse carbon particles [74]. The residual carbon and coarser
particles present in the fly ash can affect its pozzolanic properties by absorbing water and
chemical admixtures (e.g., superplasticizers), thus reducing their efficiency [75].
Subsequently, the strength development of concrete is negatively affected by low quality fly
ash with high LOl and large particle sizes [76]. Typically, fly ash-based composites show quasi-
brittle behavior as a result of their ceramic-like properties, which includes low tensile strength

and fracture toughness [77].

The replacement of fly ash varies according to its intended purpose. Typically, the additive
amount can range from 15-35 wt%. The replacement can go up to 70 wt% for pavements,
walls and parking lots and even up to 80 wt% for autoclaved aerated concrete [78]. The higher
replacement of fly ash in large structures helps avoid temperature rise of concrete. Recent
applications of coal fly ash in bricks and the tests performed on the specimens are shown in
Table 2.5. Like clay, fly ash is rich in Al and Si, and has a great potential to be used as a
precursor for the synthesis of sustainable geopolymer bricks. Iftikhar et al., replaced 0 to 100

wt% of clay with fly ash to develop sustainable green bricks. The bricks with 30 to 60 wt% fly
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ash were observed to have low density, allowable water absorption and high compressive
strength and could be applied for load bearing purposes [11]. Furthermore, the resultant
geopolymer bricks had enhanced physical and mechanical properties relative to traditional
clay bricks [11]. The ASTM data suggests that a good brick should possess compressive
strength of 3.5 MPa and its water absorption should not be more than 20% of its weight.
Evarasan et al., incorporated 40 wt% of fly ash in clay bricks and observed a water absorption
of 13.28% and compressive strength greater than 3.5 MPa for the synthesized bricks [79]. In
another study, fly ash/lime bricks were produced in a steam autoclave. Lime was used as a
binding agent and tobermorite and katoite were formed as binding phases in bricks. The
optimum brick produced from 88% of ash, 12% lime and 20% water exhibited a compressive

strength of 7.5 MPa [80].

Previously, various tests have been carried out and it was found that the optimal ratio to
produce bricks from fly ash, bottom ash and cement is 1:1:0.45. Compressive strengths of
between 7.13 and 17.36 MPa were obtained with ultra-velocity pulse ranging from 2.20 to
2.96 km/s. Fire resistance tests revealed that the bricks did not show any spalling, and, after
heating the strength increased up to 30% [81]. In another study, high volumes of fly ash of
above 50% were used to replace clay. The bricks showed high compressive strength, low
water absorption, no cracking due to lime, no frost effects and a high resistance to frost-

melting of the brick [82].

Table 2.5: Recent applications of coal fly ash in bricks

Class Replacement Other materials Brick dimensions Test performed Ref
% (mm)
F 10-50 Clay 30 x 10 x 60 Compressive [83]
strength

Linear shrinkage
Loss on ignition
Water absorption
Leaching

Microstructure
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10-30

10,12,16

10

2-8

10-100

85-95

Waste slug,
cement,

polypropylene

fibers
Cement, lime,

wood

Cement, sand,

palm oil clinker

Clay, glass

Stone dust, lime

Black cotton,

granite waste

Cigarette butts

80 x40 x 80

140 x 65 x 40

190 x 90 x 90

210 x 100 x 70

50 x 50 x 50

32

Compressive
strength

Bending strength
Shrinkage
Compressive
strength

Water absorption
Shrinkage
Density
Compressive
strength
Microstructure
Flexural strength
Water absorption
Compressive
strength

Porosity
Shrinkage
Density
Compressive
strength

Density

Water absorption
Percentage voids

Efflorescence

Modulus of elasticity

Shrinkage

Impact energy
Compressive
strength
Efflorescence
Water absorption
Weight analysis
Compressive
strength

Density

Water absorption

Microstructure

(84]

(85]

(86]

(87]

(88]

(89]

[90]



C 80-90 Waste brick 50 x 50 x 50 Compressive [91]
powder strength Absorption
Flow
Microstructure
F 80 Sand 240x 115x53 Porosity [92]

Microstructure

2.1.3 Other waste materials

Apart from plastic and coal fly ash discussed above, there are many other waste materials
that have been used in construction composites to reduce the amount of natural aggregates
required and to beneficiate waste (Table 2.6). These waste additives used in bricks are
typically classified as sewage sludge, ash, inorganic residues and organic wastes [93]. The use
of waste materials with silica in clay bricks to act as fluxing agents has been of particular
interest. The silica binds clay particles at relatively low temperature and reduce the energy

consumption in brick manufacturing [93].

Waste glass has been employed in burnt clay bricks as an additive. Typically, waste glass is
added to brick samples in the range of 0.5 to 94 wt. %. However, most studies usually focus
in the range of 5 to 20 wt. %, with the glass particle size between 45-600 um [94]. The glass
incorporated bricks are typically shaped through three methods: moulding, pressing and
extruding. A pressure of about 1 to 40 MPa is applied during the pressing method to produce
samples. Once, the samples are shaped, they are fired and dried at 100-110 °C for between 3
hours to 3 days [94]. It was found that shrinkage increased as the percentage glass by mass
increased, and as the firing temperature increased. For larger particles (greater than 132 um)
the shrinkage decreased due to incomplete sintering [94]. The incorporation of waste glass
has allowed bricks with enhanced compressive strength and low water absorption to be

obtained [95].

Agricultural waste such as rich husk and sugarcane bagasse have been employed in the
manufacturing of bricks. Even though these waste products compromise the strength and
increase the water absorption of clay bricks; they result in lighter bricks that produce more
energy efficient structures due to the enhanced insulation properties [96]. Gorhan et al., [97]

studied the effect of rice husks on the porosity and thermal properties of clay fired bricks. It
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was observed that the bricks with 5% and 10% addition of rice husk exhibited a compressive
strength of 7-10 MPa which is smaller than the reference clay bricks. However, these results
still satisfy the building and construction requirements. Samples made using finer rice husks
(up to 10%) had higher mechanical strength and thermal conductivity than coarser samples
[97]. Similar observations of reduced compressive strength were made by Kazmi et al. [98],
upon the addition of agro-waste (sugarcane bagasse ash and rice husk) to clay bricks. The
waste was incorporated at 5%, 10% and 15% by clay weight. It was found that 5% addition of
sugarcane bagasse ash and rice husk was the optimum addition to produce bricks that met
the ASTM requirements. Furthermore, the bricks showed resistance to efflorescence and
microscopic analysis showed the specimens to be porous, consistent with the formation of
lighter bricks [98]. Interestingly, several waste materials incorporated in bricks produces light

bricks which are preferred in earth quake areas [99].

Table 2.6: Recent applications of waste additives in bricks

Type of Replacement Specimen Preparation conditions Properties tested Ref
waste % dimensions

(mm)
Industrial 10& 20 190 x 90 x 50 Mechanical mixing for 5 Compressive [100]
slug min at 8-11 moisture strength

content, 40 MPa applied  Efflorescence
pressure, firing at 1000 & Porosity
1100 °C, soaking time of ~ Water absorption

2 h at a heating rate of

10° C/min
Biomass 6-9 75x80x 75 Dried at 105 °C, fired in Compressive [101]
(wheat an electric furnace 92 °C  strength
straw, olive forlh Density
stone flour) Porosity

Thermal conductivity
Shrinkage
Plasticity

Loss on ignition
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Waste Up to 35

marble

Agro-waste 5-15
(sugarcane
bagasse,

rice husks)

Zeolite, 15, 15, 50

steel slag, respectively
expanded

perlite

Paper pulp

228 x 114 x76

150 x 150 x 45

Dried and then fired at
950 °C and 1050 °C for 2
h

Manual mixing with
20.8-22.9 % moisture
content for 3h, sun-dried
for 2 day and then burnt
in industrial brick kiln
plant at 800 °C for 36 h,
conventional air cooling

for 45 days

Mechanical mixing at 17-
21% moisture content,
dried in ambient
temperature for 24 h,
then oven at 110 °C for
24 h, fired in an electrical
furnace at 5 °C/min until

1000 °Cfor1h

Samples extruded
through a square die (45
X 45 mm) at 10 MPa with
a length of 160 mm,
Oven dried at 105 °Cat a
rate of 5 °C/min for 24 h,

35

Shrinkage [102]
Loss on ignition

Bulk density

Porosity

Water absorption,
Compressive

strength Thermal
conductivity

Microstructure

Phase content

Compressive [96]
strength

Thermal conductivity
Water absorption

Porosity

Leaching toxicity

Specific gravity

Microstructure

Density [103]
Weight loss
Shrinkage

Apparent porosity
Water absorption
Resistance to
freezing and thawing
Compressive
strength Thermal
conductivity
Microstructure
Compressive [104]
strength

Porosity

Thermal conductivity



Slate tailings

Cigarette

butts

Tea waste

Glass wool

1-8

2.5-12.5

10

Cylinder: 36 x 36

Cylinder: 25 x 50

12 x40 x 80

20x 20x 80

firing 900 °C and then
soaking for 5 h

Molding pressure of 5
MPa, 7 days curing at
room temperature and 1
day curing in oven,
moisture content of 15 %
Mechanical mixing for 25
min with a 15.5% water
content, compaction
pressure of 240 KPa,
dried at 105 °C for 24 h,
fired at 1050 °Cfor 3 h
Mixed for 30 min with
15% moisture content,
oven drying at 40 °C and
100 °C for 24 h, firing
temperatures of 950 and
1050 °C

Mechanical mixing at
500 rpm for 2 min,
drying for 60 °C for 24 h,
demolded and further
dried at 100 °C, sintered
at 950 °C

Compressive
strength
Microstructure
Water absorption
Durability

Thermal properties
Energy savings
Porosity

Micro and macro

structure

Compressive
Thermal properties
Porosity

Microstructure

Compressive
strength

Thermal properties
Microstructure
Flexural strength
Water absorption

Apparent density

[105]

[106]

[107]

[108]

2.2 Hybrid construction composites with engineered nanomaterials

Engineered nanomaterials are manufactured materials having at least one dimension (length,

breath or height) between 1-100 nm [109]. The nanomaterials are more attractive than their

bulk counterparts due their excellent inherent properties resulting from their small nanoscale

sizes or dimensions. The nanoscale sizes result in a high percentage of surface atoms (relative

to bulk atoms) which gives novel properties and reactivity compared to larger size materials

with the same chemical composition [110]. At a nanoscale, materials exhibit unique optical,
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magnetic, electrical and mechanical properties [111]. These properties allow the
nanomaterials to be applied in various fields such as electronics, coatings, adhesives and

reinforcement polymers [112—-115].

In recent years, nanomaterials have gained popularity as reinforcement materials in building
and construction composites. This is especially the case for fly ash geopolymers or waste-
infused composites that are characterized by brittleness, low tensile strength and fracture
toughness [62]. These nanomaterials include nano-silica (nano-Si0;), nano-titanium dioxide
(nano-Ti0O3z), nano-aluminium oxide (nano-Al>03), nano-zinc oxide (nano-Zn0O), CNTs and
graphene-based materials (graphene oxide and reduced graphene oxide) [116].
Nanomaterials improve the durability, thermal, mechanical, and electrical properties of
composites. Table 2.7 shows the mechanical improvements of concrete composites enhanced
with nanomaterials at loadings as low as 0.5 wt. %. Furthermore, studies have shown the
hydration kinetics of cement can be significantly influenced by nanoparticles, which reduces

the setting time, dormant period, and increases the early strength of the cement [117].

Table 2.7: Nanomaterials in cementious construction composites

Nanomaterial Diameter wt.% loading  Mechanical improvements Ref.
Nm

nano-SiO; 100-250 3 Compressive strength: 14% [125]

nano-TiOz 5 Tensile strength: 35.6% [126]

Flexural strength: 30.3%

nano-Al,0O3 3-8 0.5 Compressive strength: 10% [127]
nano-metakaolin 20 6 Compressive strength: 18% [128]
nano-TiO2/ nano-Al.03 10-20 0.5-1 Compressive strength: 42% [129]

Splitting strength: 24%
Flexural strength: 28%
nano- Fe203 30 2-4 Compressive strength: 167% [130]
Flexural strength: 158%
nano-CuO 15 4 Compressive strength: 237% [131]
nano-CaCOs Flexural strength: 39% [132]
Fracture toughness: 41%

nano-ZnO/nano-SiO: 60-100 1.5-3 Compressive strength: 6.6% [133]
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Various techniques are used to test and characterize nanocomposites in order to understand
their application properties. These include scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) techniques. These techniques assist in determining
the morphology of the composite and the binding interaction between the nanomaterials and
aggregates [118]. Mechanical properties of the nanocomposite such as tensile strength,
compressive strength, bond strength and bend strength are usually tested using universal
testing machine procedures [119]. Furthermore, efflorescence (salt content), flame
retardancy, moisture content and density tests provide important strength data on
construction composites especially bricks. The test results obtained must comply with a
country’s materials test standards or international standards (i.e. ASTM) for applicability in

building and construction use [120].

A comparison of fillers with different particle sizes and surface areas used in concrete
composites is illustrated by Figure 2.4. For the longest time, cement was deemed the finest
component to bind aggregates to form composites. However, the need for better performing
composites introduced the need for supplemental pozzolanic materials such as fly ash, silica
fumes and metakaolin to the cement. Fibers such as carbon, glass and steel are also used in
construction composites as reinforcement materials [121]. They increase the ability of
composites to resist cracks by postponing the beginning of microcracks, although they are
unable to stop their initiation. This is because the spacing between the fibres is large and
microcracks are still able to grow [122]. However, carbon nanomaterials such as graphene
and CNTs are extensively studied as reinforcements in concrete and cement composites
[118,123,124]. The small particle sizes of the materials reinforce the cement matrix as their
sizes are close to that of the calcium silicate hydrate (C—S—H) gel and this leads to less cracking

at the nanoscale.
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Figure 2.4: Particle size and surface area comparison of nanofillers and other aggregates in
concrete [123]

Zhang et al., studied the influence of 25 nm nano-TiO, on the hydration and shrinkage of
cement-based materials [134]. It was observed that 5 wt. % TiO; increased the compressive
strength of cement mortar through the acceleration of cement hydration and a pore-filler
effect. However, a 5 wt. % loading of the nanomaterials decreased the cement workability,
resulting in the requirement of high volumes of water being required [134]. In another study,
nano-TiO; and nano-ZnO particles (up to 1 wt. % loading) were shown to have a more limited
effect on mortar fluidity as compared to nano-SiO; and nano-Al;Os. This was due to their
relative lower surface areas. To overcome this, water reducing agents such as
superplasticizers were used [135]. Farzadnia et al., added nano-SiO, to cement mortar and
observed an increase in the strength development rate by 15% over 7 to 28 days of curing.
The nano-SiO; affected the shrinkage by modifying the microstructure, increasing the
hydration volume and lowering the free water content in the cement matrix [136].
Furthermore, nano-SiO, provided a filler effect for the calcium silicate hydrate (C—S—H)
particles in the cement and acted as a strong binding agent, thus improving the interaction
between the cement and the aggregate [136]. Similarly, nanoparticles enhance the fresh and
hardened behavior of fly ash binders. Sequentially improving the mechanical strength of the

composite [117]. The presence of graphene nanoplatelets (GNP) in a fly ash geopolymer
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composite improved its resistance towards cracking (Figure 2.5). When a crack was indented
on the composite surface, micro-cracks were formed. The cracks grew until they met the GNP
which bridged the crack and resisted crack widening. This arose since high energy was
required to open the crack, resulting in material toughening. A branching and deflection
mechanism was observed, which instead of widening the crack, increased its effective length
to absorb more energy and release stress [137]. This phenomenon was as a result of the high
Young’s modulus (2 TPa) of graphene which allowed its composite to resist the applied load
and deflect the crack [137]. Furthermore, GNPs formed a bridging effect which enabled load

distribution across the composite (Figure 2.5).
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Figure 2.5: a) Schematic diagram of graphene/fly ash geopolymer composite under
compression load and toughening mechanism and b) SEM image of graphene composite
under stress [137]

Bricks remain an important construction material due to their versatility, durability and
mechanical stability. Nanomaterials incorporated into bricks or their surfaces modified,
enhances the properties of the brick. Cheraghcheshm et al., coated brick surfaces with ZnO
nanoparticles and modified them with silver nanoparticles to create a hydrophobic surface as
well as generate photocatalytic and anti-bacterial properties. The coated bricks showed an
improvement of almost 1.8 times in flexural strength, reduced efflorescence and improved
photocatalytic and antibacterial properties [138]. In another study, self-heating graphene
oxide (GO) nanocomposite bricks were developed to reduce the energy associated with
indoor heating which consumes energy [139]. The bricks showed superior electrical
properties and improved mechanical strength from 3.15 MPa to 7.21 MPa when the GO

concentration was 0.1 wt. %. An increase in graphene loading led to an increase in the heating
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rate of the composite at a constant applied voltage. For example, at 1 wt. % graphene loading,
the temperature increased from 22-30°C within 500 s and reached saturation. While at 5 wt.

% loading, the sample heated to a higher temperature of 150°C at a shorter time (300 s) [139].

Various nanoparticles have been applied in construction composites. In this review the focus
will be on CNTs, which are known to possess inherent properties that makes them suitable as
reinforcing composite fillers for waste materials. Unlike, nano-SiO; and nano-TiO; which has
been used in composites, CNTs have a higher aspect ratio which makes them suitable for

hindering nano-size cracks.

2.2.1 Carbon Nanotubes

CNTs are 1-dimensional (1D) cylindrical carbon allotropes characterized by excellent
mechanical strength, thermal stability, high aspect ratio and a high surface area [140,141].
The filler-effect due to their nanosize makes CNTs exceptional reinforcement materials in
polymers and concrete composites. CNTs are lightweight materials with a tensile strength of
150 GPa, (100 times stronger that steel), which significantly improves the mechanical

properties of composites [142].

CNTs exists as either single walled (SWCNTs), double walled (DWCNTs) or multiwalled
(MWCNTSs) according to the synthesis procedure which informs the number of rolled-up
graphene sheets that make the nanotube (Figure 2.6) [143]. MWCNTSs are more extensively
used due to their relatively low cost, high production yield and facile synthesis procedure.
They are commonly used in large application industries as they can be synthesized in large
amounts [144]. For building and construction applications, industrial grade MWCNTSs (low
purity) compared to research grade MWCNTs (high purity) can be used. This makes the
application of MWCNTs economically viable especially if the aim is towards creating
affordable building materials using cheaper raw materials such as waste. SWCNTs and
DWCNTs can also be applied in construction composites to improve their properties [145] but
their higher production costs makes them less preferred compared to their MWCNTs

counterparts.
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Figure 2.6: Schematic diagram of a) graphene sheet b) SWCNTs and c) MWCNTSs [143]

The surfaces of CNTs have been modified and treated (functionalized) using various
procedures in order to enhance their properties for application. Functionalization of CNTs
result in the introduction of functional groups, alteration of electrical properties, increase in
adhesion/ dispersion in composite matrix and an increase in hydrophilicity [141]. The
functional groups also enhance various physicochemical properties such as chemical
reactivity and solubility. Chemical functionalization of CNTs which involves covalent bonding
is normally performed using strong acids (nitric or sulfuric acid) which introduces oxygenated
functional groups or heteroatoms such nitrogen (N), fluorine (F) or boron (B), phosphorus (P)
and sulfur as dopants [146]. Heteroatom-doping is a process in which heteroatoms replace
carbon atoms within the graphitic structure of CNTs [147]. The CNTs functionalized by the
covalent methods are soluble in various organic solvents because they possess polar or non-
polar functional groups. Non-covalent functionalization is used to modify the interfacial
properties of CNTs. The CNTs are functionalized by surfactants, polymers and aromatic
compounds. This is done by employing m-nt stacking or hydrophobic interactions. Non-
covalent functionalization ensures that the inherent properties of CNTs are not altered, while

improving their solubility significantly [148].

CNTs have been shown to be effective fillers in composites [149]. However, they do have
some limitations. CNTs have large specific surface area, bending fiber-like shape, and strong
van der Waals interactions, and this makes them agglomerate and entangle. CNTs are
hydrophobic and thus, difficult to mix with water, organic solvents, or polymers [149].
Furthermore, the long length of CNTs and high polarizability are considered to be the deciding
factor that raises the energy required to disperse CNTs within a matrix [150]. The dispersion

of CNTs in a composite matrix remains a challenge and this can compromise the strength of
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the composite especially at high CNT loadings [151]. This is due to difficulties of stress transfer
from the matrix to the reinforced materials. Parameters that affect the quality of CNT
dispersion are length, purity, entanglement, viscosity, surface modification such as
functionalization, and graphitization [152]. Poor dispersibility of CNTs in @ matrix can even
lead to reduced mechanical strength and ultimately reduce the original properties of the
composite [152]. Therefore, the reinforcement of composites by CNTs is dependent on a
homogeneous dispersion in the matrix. Advances have been made in the dispersion of
various nanomaterials in a polymer matrix for enhanced nanocomposite properties.
However, much work is still required in the production of building and construction materials.
The challenge lies in the difficulty of modifying the intermolecular interaction between
nanomaterials and construction materials such as cement, clay and even fly ash, which have
complex mineral and chemical structures [153]. The conventional admixtures used in the
cement industry have been reported to act as dispersants and ensure that the nanomaterials

are not agglomerated [121,154].

2.2.2 Dispersion methods of CNTs in composite matrix

The dispersion of CNTs in a matrix is crucial for obtaining the desired optimum mechanical
strength of the composite. There are two main approaches taken to improve CNT
dispersibility, namely, mechanical mixing and functionalizing of CNTs to promote interaction
between the interfaces of CNTs and composite matrix [155]. Ultrasonication and acid

treatment of CNTs are the most commonly used dispersion methods.

Ultrasonication of CNTs in the presence of surfactants has been used to obtain better
dispersion effects. This is because, ultrasonication aids temporary dispersion of CNTs which
result in re-agglomeration [156,157]. Thus, surfactants are used concurrently with
ultrasonication as stabilizers to ensure CNTs remain dispersed in solution. Surfactants work
by reducing the surface energy of CNTs in a solvent. Sodium dodecylbenzene sulfonates
(SDBS) are commonly used as surfactants [158]. Figure 2.7 shows the dispersion of CNTs at
various standing times. Poor dispersion was observed when ultrasonication was performed

alone, compared to when it was performed in the presence of a sodium dodecyl sulfate (SDS)
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surfactant. The CNTs remained dispersed in solution beyond 48 hours. This was expected to

improve their reinforcement performance in composite matrix [159].
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Figure 2.7: dispersion of CNTs a) ultrasonication and b) ultrasonication and SDS surfactant
[159]

Ju et al,, found a 1.5:1 surfactant to MWCNTSs ratio to be effective for dispersion [160].
Dispersion of CNTs in surfactant solutions varied with sonication energy from 320 to 50400
J/mL, with the sonication time from 5 to 120 min [161]. In another study, CNTs were dispersed
using sonication in the presence of SDBS. It was observed that the CNT dispersion was
dependent on sonication energy and 2250 J/mL was found to be the optimum dispersion

energy [161].

It is worth noting that ultrasonic treatment of CNTs can cause formation of a considerable
number of defects in the CNTs as well as CNT buckling, bending, and formation of dislocations
in the carbon structures [157]. Arrigo et al., investigated the effect of ultrasonic treatment on
the structural characteristics of CNTs. It was shown that the length of CNTs was reduced with
increased sonication time. The reduced CNT length affected the rheological behaviour of the
nanocomposite, which progressively changed from solid-like to liquid-like upon increased

sonication time [157].

In cement composites it was noted that ultrasonication and the use of superplasticizers was
effective in dispersing CNTs. A study to address concerns relating to the synergistic effects
between the surfactants and cement was undertaken. In the study, superplasticizers such as
polyacrylic acid were used in cement composites [162]. The authors reported that the
surfactant acted as both a dispersing agent for the CNTs and a plasticizing agent for the

cement paste [162].
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Chemical surface modification was performed on CNTs by attaching functional groups onto
their surfaces to improve hydrophilicity, thus, reducing their tendency to agglomerate for
improved dispersion [141]. Chemical treatment on CNTs led to better interfacial bonding
between the CNT and the matrix and also enhanced the load transfer [141]. Kanagaraj et al.,
treated CNTs with concentrated nitric and sulfuric acid at a 1:3 ratio respectively at reflux for
30 min. The treated CNTs were further sonicated for 1 h to give better dispersion in the
composite matrix [163]. Li et al., also modified MWCNTs using a nitric and sulfuric acid
solution. The acid modification introduced carboxylic acid groups which induced a series of
chemical reactions along the interface that enhanced the reinforcement efficiency. It was
observed that using surface-treated CNTs improved the dispersion and mechanical properties
(flexural and compressive strength) of the composite [119]. However, the shortfall of
chemical treatment was the creation of defects on the nanotube surfaces which can
compromise the CNTs intrinsic strength. Thus, less aggressive chemical treatment should be

considered for application of CNTs in reinforcement composites.

2.2.3 Application of CNT- composites in construction materials

CNTs have been used in construction composites for the production of high strength
composites with materials such as cement. The reinforced composite matrix has a high aspect
ratio and their large surface area increases reactivity at a nanoscopic level [123]. The
distribution of the CNTs in the composite is at a finer scale compared to conventional fillers.
Thus, extremely low contents of CNTs can make a significant difference in tailoring the
properties of composites. Low additions of MWCNTSs, ranging from 0.03 to 0.5 wt. %, can
present a significant improvement in the mechanical properties of construction composites.
This is shown by Table 2.8, where 0.03 wt. % of MWCNTSs improved flexural strength and
module of elasticity by 25.1 % and 13 % respectively. It is anticipated that CNTs, when added
to concrete, will increase the compressive strength beyond 200 MPa, thus enabling the

construction of mile-high skyscrapers [164].
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Table 2.8: Carbon nanomaterials applied in cementious composites

Carbon nanomaterial Dimensions Loading Mechanical improvements Ref.

(T: thickness/D: diameter/L: length) wt.%

Carbon nanofibers D60- 150 nm/L30-100 um 0.2 flexural strength: 14%
module elasticity: 23%
MWCNTSs (short) D20-40 nm/L10-30 mm 0.08 flexural strength: 25%
module of elasticity: 62.5%
MW(CNTs (long) D9.5 nm /L1.5 um 0.03 flexural strength: 25.1%
module of elasticity: 13%
0.075 flexural strength: 49.89%
module of elasticity: 31.4%
SWCNTSs 0.04 flexural strength: 4%
compressive strength: 0.89%
Graphene sheets 0.025 compressive strength: 10%
flexural strength: 16%
Graphene oxide T0.8 nm/D80-260 nm 0.05 compressive strength: 47.9%
flexural strength: 35.8%

module elasticity: 30.2%

Graphene T1.4 nm 0.16 compressive strength: 39%
nanoplatelets flexural strength: 38%
Reduced graphene 0.05 compressive strength: 29%
oxide (rGO) flexural strength: 49%

[165]

[122]

[166]

[167]

[168]

Amin et al., incorporated CNTs dispersed in surfactant (viscocrete) in cement composites at
0.02, 0.05, 0.1 and 0.2% dosages. It was observed that 0.1 % was the optimum CNT dosage
and this improved the mechanical strength from 80 MPa to 110 MPa [172]. Morsy, studied
the hybrid effect of CNTs on cement mortar. The cement was partially replaced with 6 wt. %
nano-metakaolin and CNTs were added at 0.005, 0.02, 0.05 and 0.1 wt. %. The CNT dispersion
was assisted by nano-metakaolin which enhanced the interfacial interaction between the
CNTs and the cement matrix. It was observed that the CNTs were fixed to the hydration
products throughout the paste. They bridged the hydration products and resisted the
formation of microcracks by creating networks to transfer the load in tension. The addition of
CNTs up to 0.02 wt. % improved the mechanical strength of the composite up to 11% but with

additions above this level, a reduction in the mechanical strength was observed. This was
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attributed to CNT agglomeration which led to microvoids and consequential weak areas [128].
In a study performed by Makar et al., SWCNTs were used in cement composites. It was
observed that the SWCNTSs acted as nucleating sites, with the hydration products forming on
the surface of the nanotubes instead of the cement particles. This demonstrated the

reinforcing behavior achieved by the presence of the SWCNTs [145].

A denser concrete was obtained when 0.1 wt. % CNTs was added to a concrete composite
with waste glass and basalt fibre. An increase in compressive strength of up to 23% was
recorded for the hybrid composite after 28 days of curing compared to the reference sample
[173]. Chaipanich et al., studied the effect of CNTs on 20 wt.% fly ash -cement composites.
At a1 wt.% CNT dosage, the compressive strength of the fly ash cement was improved to 51.8
MPa [174]. In a recent study, acid treated MWCNTs were added to a geopolymer of coal fly
ash and granulated blast furnace slag (GBFS). The functionalized MWCNTs were
homogeneously dispersed in an aqueous solution containing SDS dispersant. The geopolymer
was incorporated with 0.1 wt. % functionalized MWCNTs and 30% coal fly ash and GBFS.
Lower water absorption, shorter setting time and higher compressive and flexural strength of

70 MPa and 9.45 MPa respectively were reported [175].

The need to reduce the reliance on non-renewable resources such as cement, which
contributes significantly to carbon emissions is rather an urgent one. The utilization of waste
in construction composites is a possible solution to both problems. However, the compromise
in the mechanical properties of the composite (using waste) is a problem that cannot be
ignored. Nanomaterials such as CNTs compensate for the strength reduction and this could
enable composites made from waste and carbon nanotubes to find application in the building

and construction industry.

2.2.4 CNT-fly ash nanopolymer hybrid

The understanding of the interaction of the materials within a composite is very important as
it informs its reinforcement efficiency. It has been noted that the dispersion of CNTs in a
composite is the major contributing factor in reinforcement [166]. The strong Van der Waals
forces that exists in CNTs makes them bundle together and agglomerate in a composite matrix

[176]. This compromises the strength of the composite and introduces weak spots that easily
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crack when pressure/load is applied. Chaturvedi et al., observed interfacial bonding to be the
interaction mechanism between fly ash-CNT nanocomposite. It was shown that the hydroxyl
functionalized CNTs were well dispersed and no cracks or voids in the composite were

observed (Figure 2.8), indicating strong interfacial bonding [177].

Fly ash-CNJ nagiocompositey Fly ash-CNT nanocomposites

o )

“

Figure 2.8: SEM images of a) fly ash, (b) CNT and (c—d) CNT-fly ash nanocomposites [177]

Salah et al., used xylene to disperse functionalized CNTs and to also dissolve HDPE. During
sonication, the HDPE chains were broken and free carbon radicals might have been
generated. The carboxylic (-COOH) and hydroxyl (—OH) groups on the surface of CNTs were
probably attached on the generated radicals during the sonication and dissolution processes.
The attached and generated radicals further reacted with the remaining radical groups in the
CNTs to form covalent and non-covalent bonding (Figure 2.9) [178]. In a hybrid composite
containing coal fly ash, non-covalent (interfacial) bonding can exist within the matrix. To
enhance bonding between coal fly ash and the polymer/CNT matrix, alkali activators (sodium
hydroxide/sodium silicate solution) have been used [14]. This activates the SiO, and Al,Os

which are the major constituents in coal fly ash (Figure 2.9). The silica and alumina species
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nucleate to form aluminosilicate oligomers which can experience interfacial adhesion to the

polymer/CNT matrix to produce a hybrid nanocomposite.
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Figure 2.9: Schematic diagram of the proposed mechanism of interaction between HDPE,
functionalized CNTs and alkali activated coal fly ash [14,114]

2.3 Release of CNTs to the environment

Due to their wide application, the rate at which ENMs, especially CNTs are produced, is
increasing. Thus, their potential environmental release as either raw materials or from
composite products must be considered. This is important because studies of their potential
toxicity, which affects both the environment and human health, have gained attention [179-
181]. A release assessment is critical for exposed workers, consumers and the environment.
It is important for exposed individuals to protect themselves during the processing of the
composites and during construction by following the set guidelines and regulations for

handling nanomaterials [182]. Furthermore, to regard products as sustainable, their end-of

life must also be understood.

The release of CNTs may occur at all stages in the life cycle of the product as shown in Figure
2.10. Notably, most of the exposure and release of ENMs occurs during synthesis, while the

potential release in other life cycle stages is considered to be low, but cannot be ignored
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[183]. Composites are likely to undergo some form of degradation when exposed to moisture,
radiation and temperature. The alteration of the matrix by degradation likely exposes CNTs
to the surface of the composite and they can be potentially released to the environment

[184].

x Recycli
Life-cycle stages

ENM Fabrication of Product post. /
synthesis Masterbatch Manufacturing  end of life

Environmental Exposure

Figure 2.10: Schematic diagram of the life-cycle stages of engineered nanomaterials [183]

CNTs can be released from the nanocomposite as a result of various mechanical actions such
as scratching, sanding, sawing and drilling. The Taber Abraser is used to measure the release
of particles during the lifespan of the product [185]. Golanski investigated the release of
carbon nanotubes from CNT/cement composites with up to a 4 wt. % dosage. Low abrasion
mechanical action was simulated and no release of CNTs was detected on well dispersed
samples. However, with poorly dispersed CNT samples, free standing agglomerated CNTs

particles were observed under a transmission electron microscope (TEM) [186].

Weathering is another pathway to release CNTs from a composite. Weathering sources
include UV-light, elevated temperatures, water absorption or a combination of these
processes. This effect weakens or even degrades the nanocomposite matrix and hence
exposes the CNTs to the environment [185]. Composites with CNTs and amino-functionalized
CNTs were degraded with a combination of UV light and moisture [187]. The degradation of
the matrix was observed by the formation of cracks shown in SEM images. The SEM images

showed loose CNTs on the surface and within the cracks of the sample. The functionalized
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CNTs were better dispersed than the pristine CNTs but the matrix was not very homogeneous

[185]. Thus, degradation and release of the CNTs from the composite was observed.

Lastly, CNTs can be released from the composite due to inappropriate disposal by fire or by
accidental combustion. This is because the CNTs have a higher decomposition temperature
than most composite matrix materials. Hence, they have been used as flame retardants in
building and construction composites. Likewise, CNTs have been reported to form a

protective layer in composites which could offer thermal insulation [188].

Furthermore, studies on the disposal or repurposing of CNT-reinforced building and
construction composites must be undertaken to ensure sustainability at the end of their life-

cycle.

2.4 Summary and conclusion

The application of nanomaterials in construction composites especially construction bricks
present an opportunity to transform waste materials such as plastics and fly ash into useful
products. This is one sustainable way of cleaning up the environment while producing
products for a wide range of applications within the built environment. The products
produced from nanomaterial reinforcements such as CNTs have been reported to possess

high mechanical, thermal, and water resistance properties that are desired in the industries.

More research is still required to understand the mechanism of interaction between the
waste materials and nanomaterials. This will assist in understanding the physicochemical
properties of the waste-nanocomposite, which will in turn affect the quality and durability of
the material. Concerns such as the environmental impact of incorporating engineered
nanomaterials into construction materials must be addressed if the aim is towards
sustainability. Greener methods for nanomaterial synthesis must be adopted lest the aim of
reducing carbon emission from cement and concrete be counterproductive. It is noteworthy
that little research has been conducted on the environmental effects of CNTs in construction
composites. This is a point of concern considering the rate of their application as
reinforcement materials. Their potential release to the environment and any harmful effects
they may pose, is not fully understood. From the above-mentioned studies, it can be noted

that well-dispersed CNTs in composites are less likely to be released. Thus, efforts must be
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made to ensure homogeneity of CNTs in composites to reduce their likelihood of leaching to

the environment.

In summary, the benefits of nanomaterials in construction composites cannot be ignored and
their utilization must be in a sustainable manner. The effects of nanomaterials in construction

composites are listed below:

e Nanomaterials allow the utilization of waste even at high replacement ratio by
providing reinforcement properties which compensate the loss of mechanical
strength from the waste.

e Due to their large surface areas, nanomaterials are highly reactive and have been
shown to accelerate hydration and provide nucleating sites that assist in reinforcing
the composite. CNTs were observed to bridge the hydration products and to resist the
formation of microcracks by creating networks for load transfer.

e Nanomaterials act as nanofillers and modify the microstructure of the composites
which improves the overall mechanical strength.

Nanomaterials offer endless opportunities in the building and construction industry

because they are engineered and can be tailored for purpose. The application of

undesired waste such as coal fly ash, with high loss on ignition, can be studied with the
utilization of nanomaterials. This will open more avenues for waste beneficiation and

promote a more circular economy.

52



2.5 References

[1] A.L. Murmu, A. Patel, Towards sustainable bricks production: An overview, Constr. Build.
Mater. 165 (2018) 112—125. doi:10.1016/j.conbuildmat.2018.01.038.

[2] C. Grifa, C. Germinario, A. De Bonis, M. Mercurio, F. Izzo, F. Pepe, P. Bareschino, C.
Cucciniello, V. Monetti, V. Morra, P. Cappelletti, G. Cultrone, A. Langella, Traditional brick
productions in Madagascar: From raw material processing to firing technology, Appl. Clay Sci.
150 (2017) 252-266. doi:10.1016/j.clay.2017.09.033.

[3] H. Limami, I. Manssouri, K. Cherkaoui, A. Khaldoun, Physicochemical, mechanical and thermal
performance of lightweight bricks with recycled date pits waste additives, J. Build. Eng. (2020)
101867. doi:10.1016/j.jobe.2020.101867.

[4] C. Grifa, C. Germinario, A. De Bonis, M. Mercurio, F. Izzo, F. Pepe, P. Bareschino, C.
Cucciniello, V. Monetti, V. Morra, P. Cappelletti, G. Cultrone, A. Langella, N. Hlabangana, G.
Danha, V. Moyo, N.G. Mguni, N. Hlabangana, G. Danha, Use of coal fly ash to manufacture a
corrosion resistant brick, Procedia Manuf. 35 (2019) 252-266.
doi:10.1016/j.promfg.2019.05.072.

[5] Q. Afzal, S. Abbas, W. Abbass, A. Ahmed, R. Azam, M.R. Riaz, Characterization of sustainable
interlocking burnt clay brick wall panels: An alternative to conventional bricks, Constr. Build.
Mater. 231 (2020) 117190. doi:10.1016/j.conbuildmat.2019.117190.

[6] P. Munoz Velasco, M.P. Morales Ortiz, M.A. Mendivil Gird, L. Muiioz Velasco, Fired clay bricks
manufactured by adding wastes as sustainable construction material - A review, Constr. Build.
Mater. 63 (2014) 97-107. doi:10.1016/j.conbuildmat.2014.03.045.

[7] U. Javed, R. Arsalan, S. Ali, F.E. Jalal, M. Saeed, Sustainable incorporation of lime-bentonite
clay composite for production of ecofriendly bricks, J. Clean. Prod. 263 (2020) 121469.
doi:10.1016/j.jclepro.2020.121469.

[8] A. Al-mansour, C.L. Chow, L. Feo, R. Penna, D. Lau, Green Concrete: By-Products Utilization
and Advanced Approaches, Sustainability. 11 (2019) 5145. doi:10.3390/su11195145.

[9] D.M. Sadek, Physico-mechanical properties of solid cement bricks containing recycled
aggregates, J. Adv. Res. 3 (2012) 253-260. doi:10.1016/j.jare.2011.08.001.

[10] A. Al-fakih, B.S. Mohammed, M.S. Liew, E. Nikbakht, Incorporation of waste materials in the
manufacture of masonry bricks: An update review, J. Build. Eng. 21 (2019) 37-54.
doi:10.1016/j.jobe.2018.09.023.

[11] S.Iftikhar, K. Rashid, E. Ul, I. Zafar, F.K. Algahtani, M.l. Khan, Synthesis and characterization of
sustainable geopolymer green clay bricks: An alternative to burnt clay brick, Constr. Build.
Mater. 259 (2020) 119659. doi:10.1016/j.conbuildmat.2020.119659.

[12] O.E. Ogunmakinde, T. Egbelakin, W. Sher, Contributions of the circular economy to the UN
sustainable development goals through sustainable construction, Resour. Conserv. Recycl.
178 (2022) 106023. doi:10.1016/j.resconrec.2021.106023.

[13] S.P.Raut, R.V Ralegaonkar, S.A. Mandavgane, Development of sustainable construction
material using industrial and agricultural solid waste : A review of waste-create bricks, Constr.
Build. Mater. 25 (2011) 4037-4042. doi:10.1016/j.conbuildmat.2011.04.038.

[14]  X.Y.Zhuang, L. Chen, S. Komarneni, C.H. Zhou, D.S. Tong, H.M. Yang, W.H. Yu, H. Wang, Fly
ash-based geopolymer: Clean production, properties and applications, J. Clean. Prod. 125

53



[15]

(16]

(17]

(18]

[19]

[20]

[21]

(22]

(23]

[24]

[25]

(26]

(27]

(28]

[29]

(2016) 253-267. doi:10.1016/j.jclepro.2016.03.019.

H.A. Abdel-Gawwad, S.A. Sanad, M.S. Mohammed, A clean approach through sustainable
utilization of cement kiln dust , hazardous lead-bearing , and sewage sludges in the
production of lightweight bricks, J. Clean. Prod. 273 (2020) 123129.
doi:10.1016/j.jclepro.2020.123129.

M.M. El-Attar, D.M. Sadek, A.M. Salah, Recycling of high volumes of cement kiln dust in bricks
industry, J. Clean. Prod. 143 (2017) 506-515. d0i:10.1016/j.jclepro.2016.12.082.

H.R. Gavali, R. V Ralegaonkar, Design development of sustainable alkali-activated bricks, J.
Build. Eng. 30 (2020) 101302. doi:10.1016/j.jobe.2020.101302.

H.R. Gavali, A. Bras, P. Faria, R. V. Ralegaonkar, Development of sustainable alkali-activated
bricks using industrial wastes, Constr. Build. Mater. 215 (2019) 180-191.
doi:10.1016/j.conbuildmat.2019.04.152.

H.R. Gavali, R. V Ralegaonkar, Design of eco-efficient housing with sustainable alkali-activated
bricks, J. Clean. Prod. 254 (2020) 120061. doi:10.1016/j.jclepro.2020.120061.

H.R. Gavali, R. V. Ralegaonkar, Design of eco-efficient housing with sustainable alkali-
activated bricks, J. Clean. Prod. 254 (2020) 120061. doi:10.1016/j.jclepro.2020.120061.

A.M. Pitarch, L. Reig, A.E. Tomas, G. Forcada, L. Soriano, M. V. Borrachero, J. Pay3, J.M.
Monzd, Pozzolanic activity of tiles, bricks and ceramic sanitary-ware in eco-friendly Portland
blended cements, J. Clean. Prod. 279 (2021) 123713. doi:10.1016/j.jclepro.2020.123713.

O. Gencel, E. Erdugmus, M. Sutcu, O. Hulusi, Effects of concrete waste on characteristics of
structural fired clay bricks, Constr. Build. Mater. 255 (2020) 119362.
doi:10.1016/j.conbuildmat.2020.119362.

R. Baghel, U. Pandel, A. Vashistha, Manufacturing of sustainable bricks: Utilization of mill
scale and marble slurry, Mater. Today Proc. 26 (2019) 2136—2139.
doi:10.1016/j.matpr.2020.02.460.

Z.Zhang, Y. Choy, A. Arulrajah, S. Horpibulsuk, A review of studies on bricks using alternative
materials and approaches, Constr. Build. Mater. 188 (2018) 1101-1118.
doi:10.1016/j.conbuildmat.2018.08.152.

A K. Singh, R. Bedi, B.S. Kaith, Mechanical properties of composite materials based on waste
plastic - a review, Mater. Today Proc. 26 (2019) 1293-1301.
doi:10.1016/j.matpr.2020.02.258.

L. Delva, S. Hubo, L. Cardon, K. Ragaert, On the role of flame retardants in mechanical
recycling of solid plastic waste, Waste Manag. 82 (2018) 198-206.
doi:10.1016/j.wasman.2018.10.030.

O. Olaitan, S. Dlova, O. Jeremiah, F. Ntuli, W. Kehinde, P. Facal, A. Blencowe, P. Apata,
Challenges of plastic waste generation and management in sub-Saharan Africa: A review,
Waste Manag. 110 (2020) 24-42. doi:10.1016/j.wasman.2020.04.017.

R. Dhawan, B. Mohan, S. Bisht, R. Kumar, S. Kumari, Recycling of plastic waste into tiles with
reduced flammability and improved tensile strength, Process Saf. Environ. Prot. 124 (2019)
299-307. d0i:10.1016/].psep.2019.02.018.

M.L. Van Rensburg, S.L. Nkomo, T. Dube, The ‘ plastic waste era’ ; social perceptions towards
single-use plastic consumption and impacts on the marine environment in Durban , South
Africa, Appl. Geogr. 114 (2020) 102132. doi:10.1016/j.apge0g.2019.102132.

54



(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

(45]

L. Bradney, H. Wijesekara, K. Niroshika, M.B. Kirkham, Particulate plastics as a vector for toxic
trace-element uptake by aquatic and terrestrial organisms and human health risk, Environ.
Int. 131 (2019) 104937. doi:10.1016/j.envint.2019.104937.

N. Nursyamsi, I. Indrawan, P. Ramadhan, The influence of the usage of Idpe plastic waste as
fine aggregate in light concrete bricks, MATEC Web Conf. 258 (2019) 01006.
doi:10.1051/matecconf/201925801006.

S. Agarwal, R.K. Gupta, Chapter 8 - The use of thermosets in the building and construction
industry, 2nd ed., Elsevier Ltd., 2018. doi:10.1016/B978-0-08-101021-1.00008-3.

J.N. Hahladakis, E. lacovidou, An overview of the challenges and trade-offs in closing the loop
of post- consumer plastic waste ( PCPW ): Focus on recycling, J. Hazard. Mater. 380 (2019)
120887. doi:10.1016/j.jhazmat.2019.120887.

P.O. Awoyera, A. Adesina, Materials Plastic wastes to construction products: Status,
limitations and future perspective, Case Stud. Constr. Mater. 12 (2020) 00330.
doi:10.1016/j.cscm.2020.e00330.

H.T. Mohan, K. Jayanarayanan, K.M. Mini, Recent trends in utilization of plastics waste
composites as construction materials, Constr. Build. Mater. 271 (2021) 121520.
doi:10.1016/j.conbuildmat.2020.121520.

R. Sharma, P. Pal, Use of different forms of waste plastic in concrete - a review, J. Clean. Prod.
112 (2016) 473-482. doi:10.1016/j.jclepro.2015.08.042.

A. Adesina, Overview of Workability and Mechanical Performance of Cement-Based
Composites Incorporating Nanomaterials, Silicon. 14 (2020) 135-144
https://doi.org/10.1007/s12633-020-00800

S.K. Tulashie, E.K. Baudu, F. Kotoka, D. Mensah, Plastic wastes to pavement blocks: A
significant alternative way to reducing plastic wastes generation and accumulation in Ghana,
Constr. Build. Mater. 241 (2020) 118044. doi:10.1016/j.conbuildmat.2020.118044.

R. Dharmaraj, G. lyappan, Suitability of partial replacement of pulverized plastic as fine
aggegate in cement concrete, Indian J. Sci. Technol. 9 (2016) 0-5.
doi:10.17485/ijst/2016/v9i23/95856.

R.S. Chen, M.N. Salleh, M.H. Ab Ghani, S. Ahmad, S. Gan, Biocomposites Based on Rice Husk
Flour and Recycled Polymer Blend: Effects of Interfacial Modification and High Fibre Loading,
BioResources. 10 (2015). doi:10.15376/biores.10.4.6872-6885.

J. Thorneycroft, J. Orr, P. Savoikar, R.J. Ball, Performance of structural concrete with recycled
plastic waste as a partial replacement for sand, Constr. Build. Mater. 161 (2018) 63—69.
doi:10.1016/j.conbuildmat.2017.11.127.

Y.W. Choi, D.J. Moon, J.S. Chung, S.K. Cho, Effects of waste PET bottles aggregate on the
properties of concrete, Cem. Concr. Res. 35 (2005) 776-781.
doi:10.1016/j.cemconres.2004.05.014.

U.E. Edike, O.J. Ameh, M.O. Dada, Production and optimization of eco-bricks, J. Clean. Prod.
266 (2020) 121640. doi:10.1016/j.jclepro.2020.121640.

H. Limami, I. Manssouri, K. Cherkaoui, A. Khaldoun, Study of the suitability of unfired clay
bricks with polymeric HDPE & PET wastes additives as a construction material, J. Build. Eng.
27 (2020) 100956. doi:10.1016/j.jobe.2019.100956.

Y. Xu, L. Jiang, J. Xu, Y. Li, Mechanical properties of expanded polystyrene lightweight

55



[46]

[47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

aggregate concrete and brick, Constructio. 27 (2012) 32-38.
do0i:10.1016/j.conbuildmat.2011.08.030.

P.D. Maneeth, K. Pramod, K. Kishor, Utilization of Waste Plastic in Manufacturing of Plastic-
Soil Bricks, Int. J. Eng. Res. Technol. 3 (2014) 529-536. http://doi:10.17577/1JERTV31S080515

K. Hannawi, S. Kamali-bernard, W. Prince, Physical and mechanical properties of mortars
containing PET and PC waste aggregates, Waste Manag. 30 (2010) 2312-2320.
doi:10.1016/j.wasman.2010.03.028.

J.0. Akinyele, U.T. Igba, B.G. Adigun, Effect of waste PET on the structural properties of burnt
bricks, Sci. African. 7 (2020) 110-15. doi:10.1016/].sciaf.2020.e00301.

M. Belmokaddem, A. Mahi, Y. Senhadji, B. Yilmaz, Mechanical and physical properties and
morphology of concrete containing plastic waste as aggregate, Constr. Build. Mater. 257
(2020) 119559. doi:10.1016/j.conbuildmat.2020.119559.

M.K. Mondal, B.P. Bose, P. Bansal, Recycling waste thermoplastic for energy efficient
construction materials: An experimental investigation, J. Environ. Manage. 240 (2019) 119—-
125. doi:10.1016/j.jenvman.2019.03.016.

B.A. Herki, J.M. Khatib, Valorisation of waste expanded polystyrene in concrete using a novel
recycling technique, Eur. J. Environ. Civ. Eng. 21 (2017) 1384-1402.
doi:10.1080/19648189.2016.1170729.

J.0. Akinyele, U.T. Igba, T.O. Ayorinde, P.O. Jimoh, Structural efficiency of burnt clay bricks
containing waste crushed glass and polypropylene granules, Case Stud. Constr. Mater. 13
(2020) e00404. doi:10.1016/j.cscm.2020.e00404.

W.S. Alaloul, V.0. John, M.A. Musarat, Mechanical and thermal properties of interlocking
bricks utilizing wasted polyethylene terephthalate, Int. J. Concr. Struct. Mater. 14 (2020).
doi:10.1186/s40069-020-00399-9.

F.l. Aneke, C. Shabangu, Green-efficient masonry bricks produced from scrap plastic waste
and foundry sand, Case Stud. Constr. Mater. 14 (2021) e00515.
doi:10.1016/j.cscm.2021.e00515.

G. Patil, T. Oman, N.R. Lakkimsetty, Manufacturing of plastic sand bricks from polypropylene
and polyethylene waste plastic, Int. J. Adv. Sci. Technol. 29 (2020) 2062—2068. ISSN: 2005-
4238

A. Tawab, O. Amin, M. lbrahim, A. Wahab, A. Rahman, Recycling Waste Plastic Bags as a
Replacement for Cement in Production of Building Bricks and Concrete Blocks, Res. Artic.
Open Access. 1 (2020) 202. ISSN: 2766-5887

T. Belay Wendimu, B. Neguse Furgasa, B. Mohammed Hajji, Suitability and Utilization Study
on Waste Plastic Brick as Alternative Construction Material, J. Civil, Constr. Environ. Eng. 6
(2021) 9. d0i:10.11648/j.jccee.20210601.12.

R. Bhushaiah, S. Mohammad, D. Rao, Study of Plastic Bricks Made From Waste Plastic, Int
Research J Eng. Tech. (IRJET), (2019) 112-117 ISSN: 2395-0056

B. Makgabutlane, L.N. Nthunya, N. Musyoka, B.S. Dladla, N. Nxumalo, S.D. Mhlanga,
Microwave-assisted synthesis of coal fly ash-based zeolites for removal of ammonium from
urine, RSC Adv. 10 (2020) 2416—-2427. doi:10.1039/c9ral10114d.

S.J.K. Suhas V. Patil, Suryakant C. Nawle, Industrial Applications of Fly ash : A Review, Int. J.
Sci. Eng. Technol. Res. 2 (2013) 1659-1663.

56



(61]

(62]

(63]

(64]

(65]

(66]

(67]

(68]

(69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

C.D. Woolard, K. Petrus, M. Van der Horst, The use of a modified fly ash as an adsorbent for
lead, Water SA. 26 (2000) 531-536. ISSN 0378-4738.

G. Xu, X. Shi, Characteristics and applications of fly ash as a sustainable construction material:
A state-of-the-art review, Resour. Conserv. Recycl. 136 (2018) 95-109.
doi:10.1016/j.resconrec.2018.04.010.

A.K. Kasar, N. Gupta, P.K. Rohatgi, P.L. Menezes, A Brief Review of Fly Ash as Reinforcement
for Composites with Improved Mechanical and Tribological Properties, Jom. 72 (2020) 2340—
2351. doi:10.1007/s11837-020-04170-z.

A.D. Bhanarkar, A.G. Gavane, D.S. Tajne, S.M. Tamhane, P. Nema, Composition and size
distribution of particules emissions from a coal-fired power plant in India, Fuel. 87 (2008)
2095-2101. doi:10.1016/j.fuel.2007.11.001.

F. Collins, A. Rozhkovskaya, J.G. Outram, G.J. Millar, A critical review of waste resources,
synthesis, and applications for Zeolite LTA, Microporous Mesoporous Mater. 291 (2020)
109667. doi:10.1016/j.micromeso.2019.109667.

M. Wdowin, M. Franus, R. Panek, L. Badura, W. Franus, The conversion technology of fly ash
into zeolites, Clean Technol. Environ. Policy. 16 (2014) 1217-1223. do0i:10.1007/s10098-014-
0719-6.

S. Wang, H. Wu, Environmental-benign utilisation of fly ash as low-cost adsorbents, J. Hazard.
Mater. 136 (2006) 482—501. doi:10.1016/j.jhazmat.2006.01.067.

G. Sheng, Q. Li, J. Zhai, F. Li, Self-cementitious properties of fly ashes from CFBC boilers co-
firing coal and high-sulphur petroleum coke, Cem. Concr. Res. 37 (2007) 871-876.
doi:10.1016/j.cemconres.2007.03.013.

M. Nadeem Akhtar, N. Tarannum, Flyash as a Resource Material in Construction Industry: A
Clean Approach to Environment Management, Sustain. Constr. Build. Mater. (2019).
doi:10.5772/intechopen.82078.

X. Querol, N. Moreno, J.C. Umaa, A. Alastuey, E. Hernandez, A. Lopez-Soler, F. Plana,
Synthesis of zeolites from coal fly ash: an overview, Int. J. Coal Geol. 50 (2002) 413—423.
doi:10.1016/S0166-5162(02)00124-6.

B. Mishra, M.K. Gupta, Use of Fly Ash Plastic Waste composite in Bituminous Concrete Mixes,
American Journal of Engineering Research ( AJER ), (2017) 253-262. ISSN : 2320-09366.

Z. Li, M. Fei, C. Huyan, X. Shi, Resources, Conservation & Recycling Nano-engineered , Fly
Ash-Based Geopolymer Composites : An Overview, Resour. Conserv. Recycl. 168 (2021)
105334. doi:10.1016/j.resconrec.2020.105334.

V. Gupta, D.K. Pathak, S. Siddique, R. Kumar, S. Chaudhary, Study on the mineral phase
characteristics of various Indian biomass and coal fly ash for its use in masonry construction
products, Constr. Build. Mater. 235 (2020) 117413. doi:10.1016/j.conbuildmat.2019.117413.

S.H. Ngo, T.P. Huynh, T.T. Thi Le, N.H. Thi Mai, Effect of High Loss on Ignition-Fly Ash on
Properties of Concrete Fully Immersed in Sulfate Solution, IOP Conf. Ser. Mater. Sci. Eng. 371
(2018). d0i:10.1088/1757-899X/371/1/012007.

A.). Babafemi, B. Savija, S.C. Paul, V. Anggraini, Engineering properties of concrete with waste
recycled plastic: A review, Sustainability. 10 (2018) 3—-26. doi:10.3390/su10113875.

H. Chen, N. Shih, C. Wu, Effects of the Loss on Ignition of Fly Ash on the Properties of High-
Volume Fly Ash Concrete, Sustainability. 11 (2019) 2704.

57



https://doi.org/10.3390/su11092704

[77] P. Timakul, W. Rattanaprasit, P. Aungkavattana, Improving compressive strength of fly ash-
based geopolymer composites by basalt fibers addition, Ceram. Int. 42 (2016) 6288—6295.
doi:10.1016/j.ceramint.2016.01.014.

[78] Z.T.Yao, X.S. Ji, P.K. Sarker, J.H. Tang, L.Q. Ge, M.S. Xia, Y.Q. Xi, A comprehensive review on
the applications of coal fly ash, Earth-Science Rev. 141 (2015) 105-121.
doi:10.1016/j.earscirev.2014.11.016.

[79] S. Elavarasan, A.K. Priya, V.K. Kumar, Manufacturing fired clay brick using fly ash and M-Sand,
Mater. Today Proc. 37 (2020) 872—-876. doi:10.1016/j.matpr.2020.06.042.

[80] T. Cigek, Y. Cingin, Use of fly ash in production of light-weight building bricks, Constr. Build.
Mater. 94 (2015) 521-527. doi:10.1016/j.conbuildmat.2015.07.029.

[81] S. Naganathan, A.Y.O. Mohamed, K.N. Mustapha, Performance of bricks made using fly ash
and bottom ash, Constr. Build. Mater. 96 (2015) 576-580.
doi:10.1016/j.conbuildmat.2015.08.068.

[82] X. Lingling, G. Wei, W. Tao, Y. Nanru, Study on fired bricks with replacing clay by fly ash in
high volume ratio, Constr. Build. Mater. 19 (2005) 243-247.
doi:10.1016/j.conbuildmat.2004.05.017.

[83] D. Eliche-Quesada, J.A. Sandalio-Pérez, S. Martinez-Martinez, L. Pérez-Villarejo, P.J. Sdnchez-
Soto, Investigation of use of coal fly ash in eco-friendly construction materials: fired clay
bricks and silica-calcareous non fired bricks, Ceram. Int. 44 (2018) 4400—-4412.
doi:10.1016/j.ceramint.2017.12.039.

[84] N.T. Minh Trang, N.A. Dao Ho, S. Babel, Reuse of waste sludge from water treatment plants
and fly ash for manufacturing of adobe bricks, Chemosphere. 284 (2021) 131367.
doi:10.1016/j.chemosphere.2021.131367.

[85] S. Masuka, W. Gwenzi, T. Rukuni, Development, engineering properties and potential
applications of unfired earth bricks reinforced by coal fly ash, lime and wood aggregates, J.
Build. Eng. 18 (2018) 312—320. doi:10.1016/j.jobe.2018.03.010.

[86] K. Muthusamy, A.M.A. Budiea, S.M. Syed Mohsin, N.S. Muhammad Zam, N.E. Ahmad Nadzri,
Properties of fly ash cement brick containing palm oil clinker as fine aggregate replacement,
Mater. Today Proc. 46 (2021) 1652—1656. doi:10.1016/j.matpr.2020.07.260.

[87] P. Chindaprasirt, A. Srisuwan, C. Saengthong, S. Lawanwadeekul, N. Phonphuak, Synergistic
effect of fly ash and glass cullet additive on properties of fire clay bricks, J. Build. Eng. 44
(2021) 102942. doi:10.1016/j.jobe.2021.102942.

[88] V. Gupta, S. Siddique, S. Chaudhary, Optimum mixing sequence and moisture content for
hydrated lime fly ash bricks, J. Clean. Prod. 285 (2021) 124859.
doi:10.1016/j.jclepro.2020.124859.

[89] D.C. Kumar, P. Vasanthi, A. Devaraju, Experimental studies on composite bricks using black
cotton soil, fly ash and granite waste, Mater. Today Proc. 39 (2020) 868—874.
doi:10.1016/j.matpr.2020.10.663.

[90] I. Akanyeti, O. Damdelen, A. Anvarov, Geo-polymerization technique for brick production
from coal ash and cigarette butts, J. Mater. Res. Technol. 9 (2020) 12855-12868.
doi:10.1016/j.jmrt.2020.09.026.

[91] C.L. Wong, K.H. Mo, U.J. Alengaram, S.P. Yap, Mechanical strength and permeation properties

58



[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

of high calcium fly ash-based geopolymer containing recycled brick powder, J. Build. Eng. 32
(2020) 101655. doi:10.1016/j.jobe.2020.101655.

J. Li, X. Li, S. Liang, Y. Zhang, Q. Ye, L. Zhang, C. Pan, R. Lv, Q. Li, K. Xiao, Y. Yan, Y. Chen, J. Hu,
H. Hou, J. Yang, Preparation of water-permeable bricks derived from fly ash by autoclaving,
Constr. Build. Mater. 271 (2021) 121556. doi:10.1016/j.conbuildmat.2020.121556.

S.M.S. Kazmi, S. Abbas, M.L. Nehdi, M.A. Saleem, M.J. Munir, Feasibility of Using Waste Glass
Sludge in Production of Ecofriendly Clay Bricks, J. Mater. Civ. Eng. 29 (2017) 04017056.
doi:10.1061/(asce)mt.1943-5533.0001928.

S.E. Chidiac, L.M. Federico, Effects of waste glass additions on the properties and durability of
fired clay brick, Can. J. Civ. Eng. 34 (2007) 1458-1466. doi:10.1139/L07-120.

A.F. Ikechukwu, C. Shabangu, Strength and durability performance of masonry bricks
produced with crushed glass and melted PET plastics, Case Stud. Constr. Mater. 14 (2021)
e00542. doi:10.1016/j.cscm.2021.e00542.

S.M.S. Kazmi, M.J. Munir, I. Patnaikuni, Y.F. Wu, U. Fawad, Thermal performance
enhancement of eco-friendly bricks incorporating agro-wastes, Energy Build. 158 (2018)
1117-1129. doi:10.1016/j.enbuild.2017.10.056.

G. Gorhan, O. Simsek, Porous clay bricks manufactured with rice husks, Constr. Build. Mater.
40 (2013) 390-396. doi:10.1016/j.conbuildmat.2012.09.110.

S.M.S. Kazmi, S. Abbas, M.A. Saleem, M.J. Munir, A. Khitab, Manufacturing of sustainable clay
bricks: Utilization of waste sugarcane bagasse and rice husk ashes, Constr. Build. Mater. 120
(2016) 29-41. doi:10.1016/j.conbuildmat.2016.05.084.

F. Mahdi, H. Abbas, A.A. Khan, Strength characteristics of polymer mortar and concrete using
different compositions of resins derived from post-consumer PET bottles, Constr. Build.
Mater. 24 (2010) 25-36. doi:10.1016/j.conbuildmat.2009.08.006.

0. Gencel, M. Junaid, S. Minhaj, S. Kazmi, M. Sutcu, D. Eliche, Recycling industrial slags in
production of fired clay bricks for sustainable manufacturing, (2021).
doi:10.1016/j.ceramint.2021.07.222.

L. Aouba, C. Bories, M. Coutand, B. Perrin, H. Lemercier, Properties of fired clay bricks with
incorporated biomasses: Cases of Olive Stone Flour and Wheat Straw residues, Constr. Build.
Mater. 102 (2016) 7-13. d0i:10.1016/j.conbuildmat.2015.10.040.

M. Sutcu, H. Alptekin, E. Erdogmus, Y. Er, O. Gencel, Characteristics of fired clay bricks with
waste marble powder addition as building materials, Constr. Build. Mater. 82 (2015) 1-8.
doi:10.1016/j.conbuildmat.2015.02.055.

P. Farnood Ahmadi, A. Ardeshir, A.M. Ramezanianpour, H. Bayat, Characteristics of heat
insulating clay bricks made from zeolite, waste steel slag and expanded perlite, Ceram. Int. 44
(2018) 7588-7598. d0i:10.1016/j.ceramint.2018.01.175.

P. Mufioz, V. Letelier, D. Zamora, M.P. Morales, Feasibility of using paper pulp residues into
fired clay bricks, J. Clean. Prod. 262 (2020). doi:10.1016/j.jclepro.2020.121464.

W. Wang, Y. Gan, X. Kang, Synthesis and characterization of sustainable eco- friendly
unburned bricks from slate tailings, J. Mater. Res. Technol. 14 (2021) 1697-1708.
doi:10.1016/j.jmrt.2021.07.071.

H. Kurmus, A. Mohajerani, Energy savings, thermal conductivity, micro and macro structural
analysis of fired clay bricks incorporating cigarette butts, Constr. Build. Mater. 283 (2021)

59



122755. doi:10.1016/j.conbuildmat.2021.122755.

[107] S. Ozturk, M. Sutcu, E. Erdogmus, O. Gencel, Influence of tea waste concentration in the
physical, mechanical and thermal properties of brick clay mixtures, Constr. Build. Mater. 217
(2019) 592-599. doi:10.1016/j.conbuildmat.2019.05.114.

[108] A. Adediran, P.N. Lemougna, J. Yliniemi, P. Tanskanen, P. Kinnunen, J. Roning, M. lllikainen,
Recycling glass wool as a fluxing agent in the production of clay- and waste-based ceramics, J.
Clean. Prod. 289 (2021) 125673. doi:10.1016/j.jclepro.2020.125673.

[109] I. Khan, K. Saeed, I. Khan, Nanoparticles: Properties, applications and toxicities, Arab. J. Chem.
12 (2019) 908-931. doi:10.1016/j.arabjc.2017.05.011.

[110] M. Notarianni, J. Liu, K. Vernon, N. Motta, Synthesis and applications of carbon nanomaterials
for energy generation and storage, Beilstein J Nanotechnol. (2016) 149-196.
http://d0i:10.3762/bjnano.7.17.

[111] M. Rafique, A Review on Synthesis , Characterization and Applications of Copper
Nanoparticles Using Green Method, NANO Br. Reports Rev. 12 (2017).
doi:10.1142/51793292017500436.

[112] O. V. Kharissova, L.M. Torres Martinez, B.l. Kharisov, Recent Trends of Reinforcement of
Cement with Carbon Nanotubes and Fibers, Adv. Carbon Nanostructures. (2016).
doi:10.5772/64307.

[113] C.W.Tan, K.H. Tan, Y.T. Ong, A.R. Mohamed, S.H.S. Zein, S.H. Tan, Energy and environmental
applications of carbon nanotubes, Environ. Chem. Lett. 10 (2012) 265-273.
doi:10.1007/s10311-012-0356-4.

[114] S. Numan, A. Muhammad, S. Abdu, A. Alshahrie, Effective reinforcements for thermoplastics
based on carbon nanotubes of oil fly ash, Nature. (2019) 1-13. http://d0i:10.1038/s41598-
019-56777-1.

[115] S. Guo, Q. Dai, Z. Wang, H. Yao, Rapid microwave irradiation synthesis of carbon nanotubes
on graphite surface and its application on asphalt reinforcement, Compos. Part B Eng. 124
(2017) 134-143. doi:10.1016/j.compositesb.2017.05.033.

[116] E. Mohseni, B.M. Miyandehi, J. Yang, M.A. Yazdi, Single and combined effects of nano-SiO2,
nano-Al203 and nano-TiO2 on the mechanical, rheological and durability properties of self-
compacting mortar containing fly ash, Constr. Build. Mater. 84 (2015) 331-340.
doi:10.1016/j.conbuildmat.2015.03.006.

[117] A. Mohajerani, L. Burnett, J. V. Smith, H. Kurmus, J. Milas, A. Arulrajah, S. Horpibulsuk, A.A.
Kadir, Nanoparticles in construction materials and other applications, and implications of
nanoparticle use, Materials (Basel). 12 (2019) 1-25. d0i:10.3390/ma12193052.

[118] J. Lee, S. Mahendra, P.J.J. Alvarez, Nanomaterials in the construction industry: A review of
their applications and environmental health and safety considerations, ACS Nano. 4 (2010)
3580-3590. doi:10.1021/nn100866w.

[119] G.Y.Li, P.M. Wang, X. Zhao, Mechanical behavior and microstructure of cement composites
incorporating surface-treated multi-walled carbon nanotubes, Carbon. 43 (2005) 1239-1245.
http://doi:10.1016/j.carbon.2004.12.017.

[120] T. Monatshebe, A.F. Mulaba-bafubiandi, D.K. Nyembwe, Mechanical properties and
mineralogy of artisanal clay bricks manufactured in Dididi, Limpopo , South Africa, Constr.
Build. Mater. 225 (2019) 972-982. d0i:10.1016/j.conbuildmat.2019.07.247.

60



[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

B. Sreelekshmi, A.M. Hunashyal, S.S. Quadri, N.R. Banapurmath, S.A. Hallad, S. V. Ganachari,
A.S. Shettar, Study of Crack Filling Nano-Cement Composite Material for Structural
Application, Mater. Focus. 6 (2017) 407-411. doi:10.1166/mat.2017.1423.

M.S. Konsta-Gdoutos, Z.S. Metaxa, S.P. Shah, Highly dispersed carbon nanotube reinforced
cement based materials, Cem. Concr. Res. 40 (2010) 1052—-1059.
doi:10.1016/j.cemconres.2010.02.015.

S. Chuah, Z. Pan, J.G. Sanjayan, C.M. Wang, W.H. Duan, Nano reinforced cement and concrete
composites and new perspective from graphene oxide, Constr. Build. Mater. 73 (2014) 113—
124. doi:10.1016/j.conbuildmat.2014.09.040.

W. Meng, K.H. Khayat, Effect of graphite nanoplatelets and carbon nanofibers on rheology,
hydration, shrinkage, mechanical properties, and microstructure of UHPC, Cem. Concr. Res.
105 (2018) 64-71. doi:10.1016/j.cemconres.2018.01.001.

P. Sikora, P. tukowski, K. Cendrowski, E. Horszczaruk, E. Mijowska, The effect of nanosilica on
the mechanical properties of polymer-cement composites (PCC), Procedia Eng. 108 (2015)
139-145. doi:10.1016/j.proeng.2015.06.129.

B. Ma, H. Li, J. Mei, X. Li, F. Chen, Effects of nano-TiO2 on the toughness and durability of
cement-based material, Adv. Mater. Sci. Eng. 2015 (2015). doi:10.1155/2015/583106.

M. Sharbaf, L. Vegas, M. Eftekhar, An Investigation on the Effects of Al203 Nano-particles on
Durability and Mechanical Properties of High Performance Concrete An Investigation on the
Effects of Al203 Nano-particles on Durability and Mechanical Properties of High Performance
Concrete, Concr. Dev. (2013). doi:10.13140/RG.2.2.20157.67044.

M.S. Morsy, S.H. Alsayed, M. Aqgel, Hybrid effect of carbon nanotube and nano-clay on
physico-mechanical properties of cement mortar, Constr. Build. Mater. 25 (2011) 145-149.
doi:10.1016/j.conbuildmat.2010.06.046.

M. Atiq Orakzai, Hybrid effect of nano-alumina and nano-titanium dioxide on Mechanical
properties of concrete, Case Stud. Constr. Mater. 14 (2021) e00483.
doi:10.1016/j.cscm.2020.e00483.

E. Najafi, A. Hossein, A. Alishah, S. Hojjati, The effects of Nano-Fe 2 O 3 on the mechanical,
physical and microstructure of cementitious composites, Constr. Build. Mater. 266 (2021)
121137. doi:10.1016/j.conbuildmat.2020.121137.

A. Nazari, S. Riahi, Effects of CuO nanoparticles on compressive strength of self-compacting
concrete, Sadhana - Acad. Proc. Eng. Sci. 36 (2011) 371-391. d0i:10.1007/s12046-011-0023-7.

A. Hakamy, Effect of CaCO 3 nanoparticles on the microstructure and fracture toughness of
ceramic nanocomposites , J. Taibah Univ. Sci. 14 (2020) 1201-1207.
doi:10.1080/16583655.2020.1809840.

M.A. Khalaf, C.B. Cheah, M. Ramli, N.M. Ahmed, A. Al-Shwaiter, Effect of nano zinc oxide and
silica on mechanical, fluid transport and radiation attenuation properties of steel furnace slag
heavyweight concrete, Constr. Build. Mater. 274 (2021) 121785.
doi:10.1016/j.conbuildmat.2020.121785.

R. Zhang, X. Cheng, P. Hou, Z. Ye, Influences of nano-TiO2 on the properties of cement-based
materials: Hydration and drying shrinkage, Constr. Build. Mater. 81 (2015) 35-41.
doi:10.1016/j.conbuildmat.2015.02.003.

J. Liu, Q. Li, S. Xu, Influence of nanoparticles on fluidity and mechanical properties of cement

61



[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

mortar, Constr. Build. Mater. 101 (2015) 892-901. doi:10.1016/j.conbuildmat.2015.10.149.

N. Farzadnia, H. Noorvand, A.M. Yasin, F.N.A. Aziz, The effect of nano silica on short term
drying shrinkage of POFA cement mortars, Constr. Build. Mater. 95 (2015) 636—646.
doi:10.1016/j.conbuildmat.2015.07.132.

N. Ranjbar, M. Mehrali, M. Mehrali, U.J. Alengaram, M.Z. Jumaat, Graphene nanoplatelet-fly
ash based geopolymer composites, Cem. Concr. Res. 76 (2015) 222—-231.
doi:10.1016/j.cemconres.2015.06.003.

F. Cheraghcheshm, V. Javanbakht, Surface modification of brick by zinc oxide and silver
nanoparticles to improve performance properties, J. Build. Eng. 34 (2021) 101933.
doi:10.1016/j.jobe.2020.101933.

H. Lee, W. Yu, K.J. Loh, W. Chung, Self-heating and electrical performance of carbon
nanotube-enhanced cement composites, Constr. Build. Mater. 250 (2020) 118838.
doi:10.1016/j.conbuildmat.2020.118838.

I. Muz, M. Kurban, A comprehensive study on electronic structure and optical properties of
carbon nanotubes with doped B, Al, Ga, Si, Ge, N, P and As and different diameters, J. Alloys
Compd. 19 (2019) 32295. doi:10.1016/j.jallcom.2019.06.210.

B. Makgabutlane, L.N. Nthunya, M.S. Maubane-Nkadimeng, S.D. Mhlanga, Green synthesis of
carbon nanotubes to address the water-energy-food nexus: A critical review, J. Environ.
Chem. Eng. 9 (2021) 104736. doi:10.1016/j.jece.2020.104736.

J. Hone, M.C. Llaguno, M.J. Biercuk, A.T. Johnson, B. Batlogg, Z. Benes, J.E. Fischer, Thermal
properties of carbon nanotubes and nanotube-based materials, Appl. Phys. A Mater. Sci.
Process. 74 (2002) 339-343. doi:10.1007/s003390201277.

V.G. Dhore, W.S. Rathod, K.N. Patil, Synthesis and characterization of high yield multiwalled
carbon nanotubes by ternary catalyst, Mater. Today Proc. 5 (2018) 3432—-3437.
doi:10.1016/j.matpr.2017.11.589.

A. Magrez, J.W. Seo, R. Smajda, M. Mionié¢, L. Forrd, Catalytic CVD synthesis of carbon
nanotubes: Towards high yield and low temperature growth, Materials (Basel). 3 (2010)
4871-4891. doi:10.3390/ma3114871.

J.M. Makar, G.W. Chan, Growth of Cement Hydration Products on Single-Walled Carbon
Nanotubes, 1310 (2009) 1303-1310. d0i:10.1111/j.1551-2916.2009.03055.x.

V. Datsyuk, M. Kalyva, K. Papagelis, J. Parthenios, D. Tasis, A. Siokou, I. Kallitsis, C. Galiotis,
Chemical oxidation of multiwalled carbon nanotubes, Carbon. 46 (2008) 833—840.
http://d0i:10.1016/j.carbon.2008.02.012.

M. Adamska, U. Narkiewicz, Fluorination of Carbon Nanotubes — A Review Fluorination of
Carbon Nanotubes - A Review, J. Fluor. Chem. 200 (2018) 179-189.
doi:10.1016/j.jfluchem.2017.06.018.

I. Jeon, D.W. Chang, Functionalization of Carbon Nanotubes, Carbon Nanotubes - Polymer
Nanocomposites. InTech (2011). http://doi: 10.5772/18396

F. Farooq, A. Akbar, R.A. Khushnood, W.L.B. Muhammad, S.K.U. Rehman, M.F. Javed,
Experimental investigation of hybrid carbon nanotubes and graphite nanoplatelets on
rheology, shrinkage, mechanical, and microstructure of SCCM, Materials (Basel). 13 (2020)
230. doi:10.3390/ma13010230.

J. Banerjee, K. Dutta, Melt-mixed carbon nanotubes/polymer nanocomposites, Polym.

62



[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

Compos. (2019) 1-16. doi:10.1002/pc.25334.

M. Rahmat, P. Hubert, Carbon nanotube — polymer interactions in nanocomposites: A review,
Compos. Sci. Technol. 72 (2011) 72—84. doi:10.1016/j.compscitech.2011.10.002.

K.P. Ryan, M. Cadek, V. Nicolosi, D. Blond, M. Ruether, G. Armstrong, H. Swan, A. Fonseca,
J.B. Nagy, W.K. Maser, W.J. Blau, J.N. Coleman, Carbon nanotubes for reinforcement of
plastics? A case study with poly (vinyl alcohol), Compos. Sci. Technol. 67 (2007) 1640-1649.
doi:10.1016/j.compscitech.2006.07.006.

Z.Tang, D. Lu, J. Gong, X. Shi, Self-Heating Graphene Nanocomposite Bricks: A case study in
China, Materials (Basel). 13 (2020) 1-13.

P. Xu, L. Shi, J. Huang, C. Wang, Y. Zhang, H. Xu, Methods of dispersion and stabilization of
several nanomaterials in water, Ferroelectrics. 527 (2018) 133-148.
doi:10.1080/00150193.2018.1450560.

H. Lee, W. Yu, K.J. Loh, W. Chung, Self-heating and electrical performance of carbon
nanotube-enhanced cement composites, Constr. Build. Mater. 250 (2020) 118838.
doi:10.1016/j.conbuildmat.2020.118838.

N. Tripathi, P. Mishra, Fine-tuning control on CNT diameter distribution , length and density
using thermal CVD growth at atmospheric pressure : an in-depth analysis on the role of flow
rate and flow duration of acetylene ( C2H2) gas, Applied Nanoscience (2015) 19-28.
http://d0i:10.1007/s13204-013-0288-8.

R. Arrigo, R. Teresi, C. Gambarotti, F. Parisi, G. Lazzara, N.T. Dintcheva, Sonication-Induced
Modification of Carbon Nanotubes: Effect on the Rheological and Thermo-Oxidative
Behaviour of Polymer-Based Nanocomposites, Materials (Basel). 21 (2018) 1-14.
http://d0i:10.3390/ma11030383.

Y. Jiang, H. Song, R. Xu, Research on the dispersion of carbon nanotubes by ultrasonic
oscillation , surfactant and centrifugation respectively and fiscal policies for its industrial
development, Ultrason. - Sonochemistry. 48 (2018) 30-38.
doi:10.1016/j.ultsonch.2018.05.021.

L. Dai, J. Sun, Mechanical Properties of Carbon Nanotubes-Polymer Composites. Carbon
Nanotubes - Current Progress of their Polymer Composites. InTech. (2016) 156—
194.http://dx.doi.org/10.5772/62635.

J. Yu, N. Grossiord, C.E. Koning, J. Loos, Controlling the dispersion of multi-wall carbon
nanotubes in aqueous surfactant solution, Carbon N. Y. 45 (2007) 618-623.
doi:10.1016/j.carbon.2006.10.010.

Y. Kun, Y.I. Zili, J. Qingfeng, Y.U.E. Renliang, J. Wei, L.I.N. Daohui, Sonication-assisted
dispersion of carbon nanotubes in aqueous solutions of the anionic surfactant SDBS: The role
of sonication energy, Mater. Sci. 58 (2013) 2082—-2090. doi:10.1007/s11434-013-5697-2.

S.P. Shah, P. Hou, M.S. Konsta-Gdoutos, Nano-modification of cementitious material: Toward
a stronger and durable concrete, J. Sustain. Cem. Mater. 5 (2015) 1-22.
doi:10.1080/21650373.2015.1086286.

S. Kanagaraj, R. Fa'tima Varanda, T. V. Zhil’tsova, S.A. Oliveira, A.O. Simo~es, Mechanical
properties of high density polyethylene/carbon nanotube composites, Compos. Sci. Technol.
67 (2007) 3071-3077. doi:10.1016/j.compscitech.2007.04.024.

0. V. Kharissova, L.M. Torres Martinez, B.l. Kharisov, Recent Trends of Reinforcement of

63



[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

Cement with Carbon Nanotubes and Fibers, in: Adv. Carbon Nanostructures, 2016: pp. 139—
159. doi:10.5772/64307.

R.K. Abu Al-Rub, B.M. Tyson, A. Yazdanbakhsh, Z. Grasley, Mechanical Properties of
Nanocomposite Cement Incorporating Surface-Treated and Untreated Carbon Nanotubes and
Carbon Nanofibers, J. Nanomechanics Micromechanics. 2 (2012) 1-6.
doi:10.1061/(asce)nm.2153-5477.0000041.

B. Zou, S.J. Chen, A.H. Korayem, F. Collins, C.M. Wang, W.H. Duan, Effect of ultrasonication
energy on engineering properties of carbon nanotube reinforced cement pastes, Carbon. 85
(2015) 212-220.http:// doi:10.1016/j.carbon.2014.12.094.

J. Kang, S. Al-Sabah, R. Théo, Effect of single-walled carbon nanotubes on strength properties
of cement composites, Materials (Basel). 13 (2020) 1-12. doi:10.3390/ma13061305.

J. Liu, J. Fu, Y. Yang, C. Gu, Study on dispersion, mechanical and microstructure properties of
cement paste incorporating graphene sheets, Constr. Build. Mater. 199 (2019) 1-11.
doi:10.1016/j.conbuildmat.2018.12.006.

S. Lv, Y. Ma, C. Qiu, T. Sun, J. Liu, Q. Zhou, Effect of graphene oxide nanosheets of
microstructure and mechanical properties of cement composites, Constr. Build. Mater. 49
(2013) 121-127. d0i:10.1016/j.conbuildmat.2013.08.022.

T.S. Qureshi, D.K. Panesar, Nano reinforced cement paste composite with functionalized
graphene and pristine graphene nanoplatelets, Compos. Part B Eng. 197 (2020) 108063.
doi:10.1016/j.compositesb.2020.108063.

N. Zhang, W. She, F. Du, K. Xu, Experimental study on mechanical and functional properties of
reduced graphene oxide/cement composites, Materials (Basel). 13 (2020) 1-19.
doi:10.3390/ma13133015.

M.S. Amin, S.M.A. El-gamal, F.S. Hashem, Fire resistance and mechanical properties of carbon
nanotubes — clay bricks wastes (Homra) composites cement, Constr. Build. Mater. 98 (2015)
237-249. d0i:10.1016/j.conbuildmat.2015.08.074.

S.E. Mohammadyan-Yasouj, A. Ghaderi, Experimental investigation of waste glass powder,
basalt fibre, and carbon nanotube on the mechanical properties of concrete, Constr. Build.
Mater. 252 (2020) 119115. doi:10.1016/j.conbuildmat.2020.119115.

A. Chaipanich, T. Nochaiya, W. Wongkeo, P. Torkittikul, Compressive strength and
microstructure of carbon nanotubes-fly ash cement composites, Mater. Sci. Eng. A. 527
(2010) 1063-1067. doi:10.1016/j.msea.2009.09.039.

F. Li, L. Liu, Z. Yang, S. Li, Physical and mechanical properties and micro characteristics of fly
ash-based geopolymer paste incorporated with waste Granulated Blast Furnace Slag (GBFS)
and functionalized Multi-Walled Carbon Nanotubes (MWCNTSs), J. Hazard. Mater. 401 (2021)
123339. do0i:10.1016/j.jhazmat.2020.123339.

S.M. Daghash, E.M. Soliman, U.F. Kandil, M.M.R. Taha, Improving Impact Resistance of
Polymer Concrete Using CNTs, Int. J. Concr. Struct. Mater. 10 (2016) 539-553.
doi:10.1007/s40069-016-0165-4.

A.K. Chaturvedi, M.K. Gupta, A. Pappu, The role of carbon nanotubes on flexural strength and
dielectric properties of water sustainable fly ash polymer nanocomposites, Phys. B Condens.
Matter. 620 (2021) 413283. doi:10.1016/j.physb.2021.413283.

N. Salah, A.M. Alfawzan, A. Saeed, A. Alshahrie, W. Allafi, Effective reinforcements for

64



[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

thermoplastics based on carbon nanotubes of oil fly ash, Sci. Rep. 9 (2019) 1-13.
doi:10.1038/s41598-019-56777-1.

A.P. Francis, T. Devasena, Toxicity of carbon nanotubes: A review, Toxicol. Ind. Health. 34
(2018) 200-210. doi:10.1177/0748233717747472.

M.A. Saleemi, M. Hosseini Fouladi, P.V.C. Yong, K. Chinna, N.K. Palanisamy, E.H. Wong,
Toxicity of Carbon Nanotubes: Molecular Mechanisms, Signaling Cascades, and Remedies in
Biomedical Applications, Chem. Res. Toxicol. 34 (2021) 24-46.
doi:10.1021/acs.chemrestox.0c00172.

Y. Liu, Y. Zhao, B. Sun, C. Chen, Understanding the toxicity of carbon nanotubes, Acc. Chem.
Res. 46 (2013) 702—713. doi:10.1021/ar300028m.

H. Amoabediny, A. Naderi, J. Malakootikhah, M. Koohi, A. Mortazavi, M. Naderi, H. Rashedi,
Guidelines for safe handling, use and disposal of nanoparticles, J. Phys. Conf. Ser. 170 (2009).
doi:10.1088/1742-6596/170/1/012037.

B. Nowack, R.M. David, H. Fissan, H. Morris, J.A. Shatkin, M. Stintz, R. Zepp, D. Brouwer,
Potential release scenarios for carbon nanotubes used in composites, Environ. Int. 59 (2013)
1-11. doi:10.1016/j.envint.2013.04.003.

E.J. Petersen, L. Zhang, N.T. Mattison, D.M. O’Carroll, A.J. Whelton, N. Uddin, T. Nguyen, Q.
Huang, T.B. Henry, R.D. Holbrook, K.L. Chen, Potential release pathways, environmental fate,
and ecological risks of carbon nanotubes, Environ. Sci. Technol. 45 (2011) 9837-9856.
do0i:10.1021/es201579y.

L. Schlagenhauf, F. Niiesch, J. Wang, Release of carbon nanotubes from polymer
nanocomposites, Fibers. 2 (2014) 108-127. doi:10.3390/fib2020108.

L. Golanski, A. Guiot, M. Pras, M. Malarde, F. Tardif, Release-ability of nano fillers from
different nanomaterials (toward the acceptability of nanoproduct), J. Nanoparticle Res. 14
(2012). doi:10.1007/s11051-012-0962-x.

A. Orlov, G. Ramakrishnan, J. Ging, A. Hubert, P. Feka, C.S. Korach, Evaluating safety and
stability of CNT nanocomposites exposed to environmental conditions, Tech. Proc. 2012 NSTI
Nanotechnol. Conf. Expo, NSTI-Nanotech 2012. 3 (2012) 335-337.

T. Kashiwagi, E. Grulke, J. Hilding, K. Groth, R. Harris, K. Butler, J. Shields, S. Kharchenko, J.
Douglas, Thermal and flammability properties of polypropylene/carbon nanotube
nanocomposites, Polymer (Guildf). 45 (2004) 4227-4239. doi:10.1016/j.polymer.2004.03.088.

65



CHAPTER 3

FACILE FLOATING CATALYST CHEMICAL VAPOUR DEPOSITION SYNTHESIS OF
MULTIWALLED- CARBON NANOTUBES

3. Introduction

Carbon nanotubes can exist as single, double or multi-walled carbon nanotubes (MWCNs)
depending on the number of rolled graphene sheets they were made from [1]. There are three
distinct crystallographic orientations for single-walled carbon nanotubes: chiral, armchair,
and zigzag [2]. Due to their diverse inherent characteristics, CNTs are used in a variety of
industries, including electronics, energy storage, and reinforced composites [3]. However, the
application of CNTs is still limited and mainly found in high-value products due to their high
price. This is a consequence of their low productivity by most synthesis processes [4]. High-
volume CNT-producing synthesis methods need to be investigated in order to expand their

use on an industrial scale.

CNTs are synthesized using several techniques including arc discharge, laser ablation and
chemical vapour deposition (CVD) [5]. The CVD method is the most used technique compared
to the others due to its ability to generate high yields of CNTs, its affordability and good
reaction controllability [6]. The CVD technique can be further categorized into catalytic
chemical vapor deposition (CCVD), such as thermal (TECVD) or plasma enhanced (PECVD),
oxygen assisted CVD, water-assisted CVD, microwave plasma CVD, radiofrequency CVD (RF-
CVD) or hot-filament (HFCVD), high-pressure CVD (HiPco) and floating catalyst CVD (FCCVD)
[7-12].

The floating catalyst chemical vapour deposition (FCCVD) method (in which the catalyst is in
solution/liquid phase) offers an advantage over other synthesis methods, because it can be
easily scalable to produce large volumes of CNTs that can be synthesized continuously [13].
In the FCCVD method, the catalyst and hydrocarbon precursors are added to the reactor at
the same time. The catalyst e.g., ferrocene, cobaltocene or nickelocene form supersaturated
vapours, that contain the metal as catalyst, after thermal decomposition. This process enables

the formation of metallic nanoparticles in the vapour phase by condensation and
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agglomeration of the metal atoms in the gas phase inside the reactor [14]. Since, the catalyst
and carbon source are simultaneously fed into the reactor, the chances of catalyst poisoning
are removed. This results in increased yields of CNTs. Furthermore, it is not necessary to have
the catalyst supported on a substrate [15]. Hence, CNTs produced using the FCCVD method
only have amorphous carbon/other forms of carbon and residual catalyst as an impurity and
not the support/substrate, which makes it easy to purify the produced nanotubes using a
simple acid treatment [16]. Lastly, since the catalyst particles are formed in a gas phase, the
reaction can be performed at higher temperatures [16]. This results in the production of
highly crystalline CNTs with vast potential applications. Thus, FCCVD is a favourable method

to produce large volumes of highly crystalline CNTs [17].

In FCCVD, reaction parameters such as the carbon source, reaction temperature, the type of
carrier gas and its flow rate and the catalyst precursor, as well as how the carbon source is
introduced into the furnace can be tuned to control the structure, morphology, quality, and
yield of the CNTs [18]. The catalyst can either be fed into the reactor as a supersaturated
vapour, by injection, hot wire generation, spark-discharge, and mist flow [18—20]. A simple
injection method has been widely adopted where the catalyst precursor and/or growth
promoter are dissolved in an organic solvent that serves as a carbon source that is directly
injected into the reactor at a controlled flow rate [21]. This technique is preferred due to the
good homogeneity and desirable controllability of precursors that promotes the production

of high quality CNTs [17].

The generally accepted growth mechanism to make CNTs using the FCCVD method starts with
the high temperature decomposition of a catalyst such as ferrocene to release iron atoms
[22]. The atoms experience inter-particle collisions and agglomeration to form nanoparticles
of various sizes. The iron nanoparticles enhance the formation of CNTs and support the
hydrocarbon's continuous pyrolysis and breakdown. The major by-product during the
synthesis of CNTs is amorphous carbon which can cover the surface of the catalyst particles
and deactivate them [10]. Amorphous carbon is produced as a result of an imbalance in the
rate of carbon atom formation and carbon removal on the catalyst [10]. This influences the
qguantity and crystallinity of the as-synthesized CNTs. Optimization of reaction conditions is
undertaken to reduce the amount of amorphous carbon in the final product. The other

impurity in CNTs is residual metal from the catalyst. During the growth process, some of the
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catalyst remains trapped within the hollow structure of the CNTs. These particles are normally
removed by acid treatment with a mixture of nitric and sulfuric acid [22]. The treatment must
be efficient without compromising the quality of the CNTs such as distorting their structure

or shortening their length.

A simple method using only nitrogen as a carrier gas was employed in this study to produce
MWCNTs. While this is a well-known process, it was required to optimize the reaction
conditions with the equipment available in our own laboratory. The effect of growth
temperature, injection rate and flow rate were investigated and correlated with the quality
and yield of the CNTs produced. The synthesized MWCNTs were further used in a separate
study as reinforcement materials in brick composites. Thus, highly crystalline CNTs which
were depicted by the low Ip/ls ratio determined from Raman spectroscopy were required for
composites that would show high mechanical strength and thermal stability. Furthermore,
functional groups were introduced to the surfaces of CNTs through acid treatment to improve
interfacial interaction. Lastly, CNTs with long lengths were desired for the bridging effect that

would reduce microcracks within the composite, to ensure their structural integrity.

3.1 Experimental

3.1.1 Materials and methodology

Afrox (South Africa) supplied the nitrogen gas (99.999%). Toluene (98%) and ferrocene (98%)
were bought from Sigma Aldrich (South Africa). The materials were utilised exactly as they

were supplied (neither purified nor altered).

The MWCNTs were synthesised in a horizontal floating catalyst chemical vapour deposition
(FCCVD) reactor (Figure 3.1). Horizontally, the quartz tube was placed into the electrical
furnace having an outlet tube attached to a gas bubble. The reaction was set at 750- 850 °C
under an inert environment of N, adjusted between 120-150 ml/min, at atmospheric
pressure. A homogeneous solution of 0.4 g ferrocene and 10 ml toluene was prepared and
injected into the heated quartz tube using a syringe pump operated between 0.2-1 ml/min
injection rate. In an inert atmosphere, the furnace was allowed to cool to ambient

temperature once all the reaction solution was injected into the tube. After growing on the
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quartz tube walls, the CNTs were gathered and weighed in a vial. The FCCVD process produced
CNT bundles that resembled flaky sponges. Typically, 33% HNOs was used to purify the CNTs
by refluxing at 90°C for 4 h. After that, the CNTs were filtered and washed until a neutral pH.

Finally, the CNTs were taken for characterisation after being oven dried overnight at 110 °C.

Figure 3.1: FCCVD reaction setup a) horizontal furnace, b) syringe pump, and c) temperature
control system

3.1.2 Characterization

A ZEISS Sigma 300 VP using a field emission gun scanning electron microscopy (SEM) was used
to determine the morphology of the CNTs. The samples were first sputter coated with an
ultra-thin layer of platinum to avoid charging. The size distribution and quality of the CNTs
was studied. From the images, the shape, size, arrangement of the CNTs and the presence of

other carbonaceous materials could be studied.

Transmission electron microscopy (TEM) using a Tecnai FEI T12 instrument, coupled with
energy dispersive X-ray spectroscopy (EDS) capabilities was employed for the cross-sectional
morphology analysis of the FCCVD synthesized CNTs. The samples were sonicated for about
10 min in ethanol and thereafter deposited on a TEM copper grid. TEM images gave
information about the type of CNTs produced, the crystallinity of the product, as well as the

purity data (from the EDS analysis).
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Raman spectroscopy was used to provide information regarding defects, purity and
crystallinity of the CNTs. A 514.5 nm argon ion laser source coupled to a charge coupled

detector (CCD) was used to collect the data.

X-ray diffraction (XRD) spectroscopy using a Bruker D2 diffractometer was used to study the
phase and crystallography of the synthesized CNTs. The diffraction peaks obtained from the

analysis were compared with typical compounds documented in literature.

Thermal gravimetric (TGA) analysis was undertaken to study the CNT’s purity and thermal
stability (in air) synthesized using various conditions. A weighed mass of sample (about 10
mg) was placed into a sample holder and heated at a rate of 10 °C per minute from 0 °C to
1000 °Cin the furnace chamber. A graph of temperature against weight loss (as percentage)
was plotted and it gave information about the degradation temperature of the sample as well

as the residual weight.

Fourier-transform infrared spectroscopy (FTIR) was employed to identify the functional
groups in MWCNTSs upon acid treatment modification. The FTIR spectra was recorded in the
wavelength range of 500-4000 cm™ using a PerkinElmer FTIR instrument. The background of

the sample spectrum was corrected using a KBr spectrum.

A TriStar Il Brunauer-Emmett-Teller (BET) analyser was used to measure the surface area of
the CNTs. First, the samples were degassed at 150 °C for 3 h to remove any absorbed
moisture. The sample’s specific surface area (m?/g) was determined through gas adsorption,

where nitrogen was continuously passed over the CNTs.

3.2 Results and discussion

3.2.1 Carbon Yield

Knowledge of the yield of CNTs is crucial for their viable industrial application. It informs the
efficiency of the reaction setup and whether the conditions are optimum to ensure high
conversion of the hydrocarbon to CNTs as well as the efficiency of the catalyst. The equation

[3.1] below was used to calculate the carbon yield of the product.
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MasStotqi—Massc

% Carbon yield = X 100 Dureeereeeeeieee et [3.1]

Massc

Where Massrotal = Mass of obtained sample
Mass = (volume /density) toluene + (volume/density) ferrocene

Mass C: Mass C in toluene + Mass C in ferrocene

In Table 3.1 and Figure 3.2, the yield of CNTs at various reaction conditions is shown. An
expected trend was observed that as the temperature was increased, the yield of the CNTs
also increased (Figure 1a). This was attributed to the high conversion efficiency of the toluene
and ferrocene to CNTs at high temperatures. Toluene decomposes at T > 600 °C, while
ferrocene (Fe(CsHs)2) which acts as both a catalyst and carbon source starts to decompose at
temperatures above 497 °C [23]. It has been reported that ferrocene decomposes to methane
(CH4), cyclopentadiene (CsHe), hydrogen (H2) and iron (Fe) [24]. The fragmentation begins
above 497 °C and different bonds break according to their binding energies. The process starts
with the C-H bonds that have the lowest binding energy which release H atoms. Then follows
the C-C bonds and then the Fe-C bonds. Therefore, the catalytic iron particles are only

available for CNTs growth at above 500 °C [25].

An opposite effect is observed (lower yield), as expected, when the injection and N3 flow rate
were increased (Figure 1b and c). This was ascribed to an insufficient residence time of the
hydrocarbon in the furnace hot zone. It was also observed during the synthesis that at a high
carrier gas flow rate and injection rate, the reactants were flushed to the end of the reaction

tube as liquid without reacting. Thus, the resultant yield was affected.
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Table 3.1: Synthesis conditions of MWCNTSs

Sample Temperature Injection rate Flow rate of N2 Carbon yield
°C ml/min ml/min %
CNTs 750 0.2 120 42
CNTs 800 0.2 120 73
CNTs 850 0.2 120 79
CNTs 850 0.5 120 49
CNTs 850 1.0 120 45
CNTs 850 0.2 140 55
CNTs 850 0.2 160 50
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Figure 3.2: carbon yield at various a) temperature b) injection rate and c) N2 flow rate

3.2.2 Effect of temperature

3.2.2.1 Morphology
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At temperatures between 750-850 °C CNTs were synthesized to study the effect of
temperature on the CNTs at constant N, flow rate (120 ml/min) and injection rate (0.2
ml/min). As seen in Figure 3.3, the CNTs were twisted and other carbon impurities were
present at the lower temperature of 750 °C. This was because the development of highly
crystalline CNTs might have been hindered by the low rate of hydrocarbon decomposition. As
a result, CNTs were partially precipitated due to incomplete reaction. This is consistent with
literature, where at lower temperatures of 700 and 750 °C, amorphous carbon was formed

due to insufficient catalytic activity [26].

The presence of other carbonaceous/amorphous materials was reduced as the temperature
was increased. Notably, sufficient energy and favourable reaction conditions allowed for the
rapid cracking of the carbon source over the catalyst particles to produce crystalline CNTs
[27]. As a result, more aligned CNTs of higher crystallinity were formed at 800 °C. The
orientation of the catalyst particles during the first growth stage was found to be responsible
for the CNT alignment [21]. CNTs synthesised at 750, 800, and 850 °C had average outer
diameters of 43, 77, and 83 nm, with diameter ranges of 30—50 nm, 60—-80 nm, and 80—-100
nm, respectively. The size distribution was large at all the temperatures, showing that the
synthesized CNTs did not have uniform diameters. An increase in temperature increased the
diameter of the CNTs. There is usually an addition of carbon to the outside of the tube with
an increase in temperature resulting in CNTs of larger diameters. As shown in Figure 3.3, the
CNTs formed bundles due to strong van der Waal forces and had an average length of 414

micron.
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Figure 3.3:SEM images and particle size distribution histograms of CNTs synthesized at a)
750 b) 800 and c) 850 °C, while d) is a lower magnification of image CNTs synthesized at 850
°C
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Figure 3.4 shows that hollow CNTs were synthesized. At 750 °C, a mixture of MWCNTs and
other carbon materials was observed. It was also discovered that the hollow structure of the
CNTs included residual iron particles from the catalyst. More crystalline MWCNTs formed
when the temperature rose and at 850 °C, highly crystalline MWCNTs with low impurity were
obtained. It was observed that the CNTs had closed-tips signifying a base-growth mechanism
[28]. High resolution TEM (HRTEM) showed the multilayers of CNTs, their hollow structure
and further confirmed that they had closed-tips. The average internal diameter was measured
to be 22 nm. The EDS data was used to ascertain the elemental compositions of the material
which informed the purity of the CNTs after acid treatment. Four elements (i.e., carbon,
oxygen, iron, and copper) were detected. However, carbon was more dominant than the
other elements in the sample. The copper observed was due to the grid used in the sample
analysis. The expected trend was for the residual elements (Fe) to decrease with an increase

in temperature [26], as more carbon was produced.
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Figure 3.4:.TEM images and EDS of CNTs synthesized at a) 750, b) 800 c) 850 °C and d) high-
magnification HRTEM of CNTs synthesized at 850 °C.
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3.2.2.2 Raman spectroscopy analysis

The Raman spectra of MWCNTSs at different temperatures following synthesis are shown in
Figure 3.5. There were three main bands seen: the D, G, and 2D bands. The D-band is the
disorder band, which shows the proportion of symmetry-breaking defects or other impurities,
particularly amorphous carbon in the case of FCCVD synthesized CNTs. The G-band, which
represents the tangential vibration of carbon atoms along the CNT axis, is a feature of
organised graphitic structure. The number of carbon layers in MWCNTSs is often determined
using the 2D-band [30]. It has been employed as one of the indirect indicators for the three-
dimensional (3D) stacking of graphene layers in conventional carbon materials because it
becomes asymmetric (a shoulder peak emerges) with the development of 3D stacking. The
approximate locations of the D-band, G-band, and 2D band were 1355 cm™, 1577 cm, and
2713 cm’, respectively. A direct indicator of CNT quality was the ratio of the D to G band
regions [10]. It was discovered that the Ip/lc of MWCNTSs synthesised at 750, 800, and 850 °C
were, respectively, 0.55, 0.49 and 0.44. Ip/Is values for highly crystalline carbon range from
0.1 to 0.3 with a standard deviation of up to 0.2, whereas for poorly crystalline carbon, they
range from 1 to 2.6 with a standard deviation of 0.8 to 1.2 [29].The synthesized CNTs had a
relatively high crystallinity, which improved with an increase in temperature. This indicated a

reduction in impurities and defects as the temperature was increased.
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Figure 3.5: Raman spectra of CNTs synthesized at a) 750, b) 800 and c) 850 °C.

77



3.2.2.3 X-ray diffraction analysis

The XRD spectra of CNTs synthesised at different temperatures are shown in Figure 3.6. The
graphitic peak (002) was seen at 20 = 26.3°, which is in line with the existence of MWCNTs
because it corresponds to an inter-planner spacing of roughly 0.343 nm [30]. This pattern also
shows a high degree of crystallinity, indicating a low level of impurities and amorphous carbon
[31]. The (100) peak was observed at 26 = 47.2° and the (004) peak was at 28 = 59.5° (this was
only seen for CNTs synthesized at 850 °C). the CNTs synthesized at lower temperatures,
indicating an improvement in the crystalline quality of the CNTs with temperature. This
indicated a progressive structural development of graphene layers at increased temperatures

[30].
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Figure 3.6: XRD spectra of CNTs synthesized at a) 750 b) 800, and c) 850 °C

3.2.2.4 Thermal analysis

It is reported that CNTs generally decompose in the temperature range of 475 and 625 °C,
this depends on the reaction parameters such as the catalyst used and loadings, flow rate,
reaction temperature [21]. In this study CNTs with a high oxidation temperature were
produced. CNTs are more thermally stable than most other forms of carbon and defected
outer layers of CNTs are oxidized at lower temperatures compared to their inner layers [32].

Thus, the temperature at which the oxidation process starts, describes the presence of
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defects and impurities. Furthermore, the quality of CNTs can be defined using parameters
such as diameter, length, impurities etc. The impurities in CNTs can be other forms of carbon

such as amorphous carbon, graphitic particles, and metal particles from the catalyst [15].

TGA and derivative plots of MWCNTSs at different synthesis temperatures are represented in
Figure 3.7. As the synthesis temperature rose, so did the oxidation temperature. This implied,
as evidenced by TEM and Raman data, that MWCNTSs produced at higher temperatures were
more crystalline. Two deterioration characteristics, at 326 and 565 °C, were noted for CNTs
synthesized at 750 °C. It was suggested that the initial deterioration was caused by the
decomposition of amorphous carbon, which has a low oxidation temperature [33]. The
second one was ascribed to the MWCNTs' decomposition, which was responsible for the
significant weight loss of 98.2%. The oxidation temperature of the CNTs made at a
temperature of 750 °C was lower, signifying that the MWCNTs were more defected than those
made at higher temperatures. At a synthesis temperature of 800 and 850 °C, only one
degradation peak was observed (619 and 649 °C respectively) which was ascribed to the
decomposition of the MWCNTs. Furthermore, it has been reported that thicker CNTs
decompose at higher temperatures than thinner CNTs [34]. This is consistent with the SEM
and TEM results which showed an increase in CNT diameter as the temperature was
increased. The residual weight loss was 1.8%, 4.7% and 6.8% for the CNTs made at 750 °C,
850 and 800 °C, respectively. The residual weight was due to Fe;03 formed from the catalyst
(ferrocene) which remained entrapped in the hollow structure of CNTs as shown from the

TEM images and confirmed by EDS data.
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Figure 3.7: TGA and derivative plots of CNTs synthesized at various temperatures.
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3.2.3 Effect of injection rate

3.2.3.1 Morphology

The injection rate of the reactants (ferrocene and toluene) was varied from 0.2-1 ml/min
using a syringe pump at a constant temperature (850 °C) and N; flow rate (120 ml/min). The
rate at which the precursors entered the heating zone of the furnace was found to affect both
the quality and the quantity of the CNTs and that was investigated. Figure 3.8 shows the
morphology of CNTs made at an injection rate of 0.2 ml/min. It was observed that semi-
aligned CNTs were formed with minimal impurities, similar to the CNTs made at an injection
rate of 0.49 ml/min. At a higher injection rate of 1 ml/min, the CNTs began to bundle up and
other carbonaceous materials were also observed. This could be attributed to insufficient
residence time for the hydrocarbon to decompose to produce CNTs. The injection rate also
affected the vyield, as the precursor was flushed out of the heating zone without sufficient
reaction (as shown in Figure 3.1). The injection rate of 0.2 and 0.49 ml/min produced CNTs
with comparable average diameters of 83 and 85 nm respectively. As the injection rate was

further increased to 1 ml/min, the average diameter of CNTs was reduced to 60 nm.
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Figure 3.9: TEM images of CNTs synthesized at various injection rate a) 0.2 ml/min, b) 0.49
ml/min and c) 1 ml/min
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3.2.3.2 Raman spectroscopy analysis

In Figure 3.10, the Raman spectra of MWCNTSs synthesized at varied injection rates (0.2-1
ml/min) is presented. The absence of the radial breathing mode (RBM) in all the spectra was
an indication that MWCNTs were synthesized, which was also confirmed by the TEM data
(Figure 3.9). The RBM is a low frequency mode found in SWCNTs in regions below 300 cm™
[20]. The Ip/ls ratio was observed to increase with an increase in injection rate. This meant
that the crystallinity and purity of the CNTs was reduced at increased injection rate. This was
attributed to insufficient residence time for complete decomposition of carbon to produce
highly crystalline CNTs. The higher CNT crystallinity at slower injection rates agreed with
results obtained by lbrahim et al., [35]. In their study, the precursor (ethanol, ferrocene and
thiophene as a promoter) injection rate was varied from 3-10 ml/h. The optimum injection
rate was found to be 3 ml/h and the CNTs had an Ip/ls ratio of 0.40 [35]. Most injection rate

studies are performed at ml/h. Interestingly, we have obtained comparable results at faster

injection rates of ml/min, which can be attributed to easy conversion of the CNTs.
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Figure 3.10: Raman spectra of CNTs made at varied injection rates
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Figure 3.11 shows the XRD spectra of CNTs synthesized at varied injection rates. The
characteristic (002) and (100) diffraction peaks of CNTs were observed at 26 = 26.3° and 20 =
47.2° respectively. At a lower injection rate of 0.2 ml/min the (004) peak was observed at 26
=59.5. The crystallinity of the CNTs was reduced as the precursor injection rate was increased,
as indicated by the reduced sharpness of the peaks. This was also observed from the TEM and
Raman results, where faster injection rates resulted in insufficient time for the synthesis of

highly crystalline CNTs.
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Figure 3.11: XRD spectra of CNTs at synthesized varied injection rates

3.2.3.3 Thermal analysis

In Figure 3.12, the TGA and derivative plots of MWCNTSs synthesized at varied injection rates
(0.2-1 ml/min) are presented. The oxidation temperatures were found to be 649, 628 and 610
°C at rates of 0.2, 0.49 and 1 ml/min respectively. The major weight loss was attributed to the
decomposition of MWCNTSs. A decrease in oxidation temperature with an increase in the
injection rate was observed. The residual mass (due to Fe>0s) was observed for the CNTs

synthesized at 0.2, 0.49 and 1 ml/min was 4.7%, 3.9 and 7.8% respectively.
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Figure 3.12: TGA and derivative plots synthesized at varied injection rates

3.2.4 Effect of flow rate

3.2.4.1 Morphology

A carrier gas (N2) was used to deliver reactants into the reaction furnace and also to provide
an inert environment to prevent the oxidation of the CNTs. In FCCVD synthesis, the most
commonly used carrier gas is hydrogen or a mixture of hydrogen with argon or nitrogen [36].
In this study, the carrier gas was only N2 to ensure a facile and economically viable method
for industrial scale up. The temperature and injection rate were kept constant at 850 °C and
0.2 ml/min respectively. It has been noted that H; is responsible for producing CNTs of small
diameters and improved vyield and purity [36]. However, for this project wide CNTs are

acceptable.

Abdullah et al., varied the Ar/H; ratio and found that H; at a flow rate of 600 ml/min provided
an optimum yield of 97% CNTs with minimal amorphous carbon formation [37]. In this study,
a low N; flow rate of 120 ml/min up to 160 ml/min was employed. At higher flow rates, above
120 ml/min, CNTs with a spiral/wavy shape were formed as shown in Figure 3.13. These
morphologies are commonly observed in CNT bundles grown by CVD and have been
attributed to oscillations in the gas flow [33]. An increase in the flow rate resulted in an
increase in the amount of impurities (amorphous carbon), depicted by globules. This was
attributed to the rapid N2 flow which resulted in a decreased or insufficient residence time

for CNT growth. The average diameter was reduced with an increase in carrier gas flow rate
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from 83 to 47 nm. The number of large particles was also reduced, showing the advantage of

making CNTs from smaller particle sizes at higher flow rates.
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Figure 3.13: SEM images of CNTs and particle size distribution histograms at varied N2 flow
rate a) 120 ml/min, b) 140 ml/min and c) 160 ml/min
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The TEM images in Figure 3.14 show hollow MWCNTs have been formed at the various N
flow rates. As the flow rate was increased, the crystallinity and purity of the CNTs was
reduced. At 140 ml/min the MWCNTs were defected and amorphous carbon was formed. At
160 ml/min the CNTs were clustered and showed structural deformities. A decrease in the
diameter of the CNTs at higher N, flow rate was observed which is consistent with other
research findings [38]. The impurities shown by EDS were iron from the catalyst and copper
from the grid. At flow rates of 140 and 160 ml/min silicon was also found as an impurity and

this relates to removal of the CNTs by scraping of the glass CVD reactor.
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Figure 3.14: TEM images and EDS of CNTs synthesized at various N2 flow rate a) 120 ml/min,
b) 140 ml/min and c) 160 ml/min

3.2.4.2 Raman spectroscopy analysis

Figure 3.15 presents Raman spectra of MWCNTSs synthesized at various carrier gas (N2) flow
rates. The crystallinity of the MWCNTSs was reduced at the higher nitrogen flow rate. This was

shown by an increase in the Ip/lg ratio of 0.44, 0.54 and 0.57 for CNTs prepared at 120, 140
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and 160 ml/min respectively. The TEM images in Figure 3.14 also show more defects and
amorphous carbon as the flow rate was increased. Furthermore, the MWCNTSs lost their
alignment and started bundling-up. This was also observed by Abdullah et al., [37] where an
increase in the carrier gas resulted in carbon impurities as clusters or unsuccessful growth of
CNTs. The optimum flow rate was found to be 600 sccm (Ar-H, 100:500). However, at this

flow rate, low quality CNTs were produced with an Ip/Ig ratio of 1.06 [37].
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Figure 3.15: Raman spectra of MWCNTSs synthesized at varied flow rate

In Figure 3.16, the XRD spectra of the CNTs synthesized at various flow rates is shown. The
(002) and (100) diffraction peaks characteristic of CNTs were observed at 26 = 26.3° and 26 =
47.2° respectively. The (004) peak was only observed at a flow rate of 120 ml/min. The
additional peak as well as the intensity and sharpness of the (002) peak were indicative of a

high degree of crystallinity.
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Figure 3.16: XRD spectra of CNTs synthesized at varied flow rates

In Figure 3.17, TGA and derivate plots at varied N; flow rates (120-160 ml/min) of the CNTs
are presented. The oxidation temperatures were found to be 647, 631 and 620 °C for CNTs
produced at the 120, 140 and 160 ml/min flow rates, respectively. It was shown that an
increase in the flow rate reduced the crystallinity of the MWCNTSs. The stability of all the
synthesized MWCNTSs was in the range of (620-650 °C) which was higher than those recorded
using the CCVD method [39]. The MWCNTSs synthesized at 100 ml/min had the lowest iron
residual weight of 4.7% followed by 5.6 and 8.1 % for CNTs made at 120 and 140 ml/min flow

rates, respectively.
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Figure 3.17: TGA and derivative plots of MWCNTSs synthesized at varied flow rate
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3.2.4.3 Functional group analysis

FTIR spectroscopy was used to study the structural changes caused by the modification of
MWCNTSs through acid treatment. The MWCNTSs presented in the previous sections were
functionalized/acid treated. This section shows the effect of functionalization by comparing

the pristine and acid treated CNTs (as detailed in Chapter 2).

FTIR spectra of pristine and functionalized MWCNTSs synthesized at optimum conditions of
850 °C, 120 ml/min N3 flow rate and 0.2 ml/min precursor injection rate are represented by
Figure 3.18. At around 3400 cm™, a peak was observed for the functionalized MWCNTs and
assigned to O-H stretching. This was attributed to absorbed atmospheric moisture or
oxidation during functionalization [40]. Dominant CH; stretches were observed at 2989 and
2900 cm* for the functionalized CNTs and alkyl peaks were observed at ca. 2900 cm™in both
spectra. These were attributed to the backbone/framework of the CNTs. Upon
functionalization, prominent hydroxyl peaks were observed at 1652, 1395, 1254 and 1058
cm~t which were distinctive absorption peaks for C=0 and C-O stretching bands of carboxylic
acid group [41]. The existence of these functional groups proved the successful
functionalization of the MWCNTSs. This was important for the intended application of CNTs in
the brick composites. The hydroxyl groups have been found to improve the dispersion of the
CNTs, thus, facilitating better interfacial interaction with the composite matrix. This ensures

effective mechanical reinforcement of the composite.
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Figure 3.18: FTIR spectra of pristine and functionalized CNTs

3.2.4.4 Surface area

In Table 3.2, the BET surface area and pore volume of MWCNTs synthesized at various
conditions is presented. Materials with the highest yield (Table 3.1) were chosen for the CNTs
surface properties study. The pristine (as-synthesized) MWCNTs from optimum reaction
conditions showed the lowest surface area and pore volume of 2.45 m?/g and 0.00307 cm3/g
respectively. This was ascribed to the presence of the high amount of amorphous carbon
produced, which is known to have a lower surface area that the CNTs. Furthermore, pristine
MWCNTSs tend to be more agglomerated/bundled due to the strong intermolecular forces
which in turn affects their surface area. A great improvement in the surface area (50.91 m?/g)
and pore volume (0.1149 cm?3/g) following acid treatment functionalization was observed.
The results were higher than those reported for MWCNTSs (36.0 m?/g) treated using 30% HNO3
[42]. The CNTs synthesized at a higher flow rate showed the second highest surface area and
pore volume of 36.8 m?/g and 0.071 cm?3/g respectively. Lastly, CNTs synthesized at a lower
temperature and higher flow rate had the lowest surface area (22.8 m?/g) and pore volume

(0.061 cm3/g).
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Table 3.2: BET surface area and pore volume of MWCNTSs synthesized at various conditions

Material BET surface area (m2/g) Pore volume
(cm/g)
p-MWCNTSs (850 °C, 0.2 ml/min,120 ml/min) 2.45 0.0034
f-MWCNTs (850 °C, 0.2 ml/min, 120 ml/min) 50.9 0.110
f-MWCNTSs (800 °C, 0.2 ml/min, 140 ml/min) 22.8 0.061
f-MWCNTSs (850 °C, 0.2 ml/min, 160 ml/min) 36.8 0.071

*p-pristine, f-functionalized

3.2.5 Properties of importance of MWCNTSs for application in brick composites

The application of CNTs in bricks has been of interest due to the properties CNTs impart to
brick composites. The homogeneous dispersion of CNTs within the composite matrix is critical
as inefficient dispersion can lead to weak spots, thus, compromising the strength of the
composite [43]. In this study, the surfaces of the CNTs were functionalized by acid treatment
to introduce polar functional groups. These are known to improve dispersion and thus,
interfacial interactions within the matrix [44]. It was observed from the FTIR spectra (Figure
18) that the hydroxyl groups were successfully introduced on the surfaces of CNTs which will
aid better dispersion within the composite. Inherently, CNTs possess high mechanical
strength and as a result are used as a reinforcement material. The mechanical strength of
CNTs is linked to their crystallinity. Highly crystalline CNTs tend to have higher mechanical
strength because they contain minimal defects and impurities. Furthermore, the tensile
strength of CNTs has been reported to reduce by up to 85 % due to high levels of defects [45].
An Ip/lg ratio (which correlates to crystallinity) of 0.44 was obtained for the CNTs synthesized
at optimum conditions. This showed relatively crystalline CNTs that are expected to improve
the strength of the composites. The synthesized CNTs were long, with an average length of
414 um, which is an important property for the bridging effect within the matrix of the
composites to reduce microcracks [46]. Furthermore, CNTs are known to improve the thermal
stability of composites and this influences the strength of the composites when exposed to
various environmental conditions [43]. CNTs with a thermal stability of up to 649 °C were
obtained. The improvement in the thermal stability of the composite can be ascribed to the

hollow structure of MWCNTSs that results in mass transport barrier effect. This is because the
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high aspect ratio of CNTs can increase the intricate path within the composite. Thus, delaying
or blocking the transfer of the decomposition products in the composite [47]. Furthermore,
the thermal stability of the polymer composite is improved by the interaction between the
MWCNTs and the polymer chain. As well as the absorption effect of the free radicals by

MWCNTSs produced during decomposition [48].

3.2 Conclusion

This study was undertaken to provide a simple laboratory method to make MWCNTs. Many
studies have been reported on making MWCNTSs. In this study the focus was on using
affordable and safe reactants and to optimize the yield and purity of the MWCNTs. Thus,
nitrogen was used as a carrier gas, toluene as the carbon source, and ferrocene as the catalyst
(and carbon source). The MWCNTs were successfully synthesized using a facile FCCVD
method, without a promoter. The effect of the synthesis temperature, precursor injection
rate and carrier gas flow rate were correlated with the quality and yield of the CNTs produced.
It was observed that an increase in temperature increased the crystallinity and diameter of
the MWCNTSs. An increase in injection rate and flow rate had an inverse effect on the quality
and yield of the MWCNTs. These are the expected and predicted results thus indicating
confidence in the process used. The optimum synthesis conditions used to make the CNTs
were found to be 850 °C, 120 ml/min N flow rate and 0.2 ml/min precursor injection rate.
Using these conditions, a carbon yield of 73% was obtained with the MWCNTs having an
average diameter of 83 nm and length of 414 um, an Ip/ls ratio of 0.44, an oxidation
temperature of 649 °C, and a purity of 94 %. The surface area was found to be 50.9 m?/g. The
properties of CNTs required for application are high crystallinity which will result in high
mechanical strength as well as enhance the thermal stability of the composite. Furthermore,
the CNT’s high aspect ratio will hinder microcrack formation in the composite. The results
obtained suggests that the MWCNTs would be appropriate for application as a reinforcement

material in brick composites.
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CHAPTER 4

CHARACTERIZATION OF RAW MATERIALS: COAL FLY ASH (CFA), COAL BOTTOM ASH (CBA)
AND LOW-DENSITY POLYETHYLENE (LDPE)

4. Introduction

The repurposing of waste has gained popularity in many fields [1]. This has allowed waste to
be viewed as a resource and has birthed several innovative solutions. It is crucial to
understand the properties of the waste materials prior to their application. Thus,
characterization, analysis and testing of the waste raw materials must be undertaken. This
allows the utilization of the waste within its limit, without compromising the quality and
standards of the product it is applied in. Coal fly ash (CFA), coal bottom ash (CBA) and low-
density polyethylene (LDPE) are waste products generated in high volumes [2,3]. Hence,
considerable research is focused on their beneficiation to achieve a circular economy. The
building and construction industry in particular, has taken efforts of incorporating the waste
in some composites [4—6]. This has reduced the dependency on natural resources such as

sand and stone by their partial replacement with waste materials [7].

In a typical plant, CFA is carried in the flue gas as it exits the combustion chamber and
collected mechanically, by electrostatic precipitators or bag houses [8]. It consists of small
glassy particles derived from minerals present in coal [9]. The particle size is usually in the
range of 0.5-200 microns [10]. The composition and properties of CFA differs according to the
parent coal it was produced from, and the combustion conditions. Its composition is a
complex mixture of amorphous and crystalline phases, with alumina (Al,03), silica (SiO2) and
iron oxides present as major constituents as well as other elements such as copper, sulfur and
magnesium in various amounts [11]. The particles of CFA have a layered structure as a result
of successive deposition of several chemical species, as the temperature decrease along the
particle’s path in the furnace. In the core of the CFA, remains the crystalline phases such as
mullite and quartz, while the glass phase of aluminosilicate covers the surface of the particles

[12].

Similar to CFA, coal bottom ash (CBA) is a coal combustion residue generated by thermal

power plants. However, instead of being carried in the flue gas, it settles at the bottom of the
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combustion furnace [13]. CBA accounts for about 20% of the combustion residue and the rest
is CFA [13]. It is lighter, porous, coarser and consists of particles >100 um. While its density
ranges from 1200 to 1620 kg m3, it is lower than that of CFA (1900 to 2800 kg m™3). The
particle size distribution of CBA is similar to that of fine aggregates. Thus, it has been used to
replace fine aggregates in concrete [14]. It has a mineral composition comparable to that of
CFA with aluminosilicates as the major constituents. However, it has a higher content of

unburnt carbon and can be promoted to carbonaceous material [14].

Low density polyethylene (LDPE) waste is the most abundant plastic waste worldwide and a
major contributor of land pollution and ecological unsustainability [15]. The waste
accumulates at a fast rate because most LDPE plastics are single-use and are not effectively
recycled. LDPE is a thermoplastic polymer with C-C, C-H bonds, and a density of 0.92 g/cm?3,
melting point of 105-115 ° C and tensile strength of 0.2-0.4 MPa [16]. The physical properties
of waste LDPE may vary to those of the pristine polymer according to the recycling processes
it underwent. Plastic recycling is typically performed via four techniques; i.e., primary (closed-
loop), secondary (through mechanical processes), tertiary using chemicals and energy
recovery which involves incineration. There is currently a heavy reliance on primary
techniques which require almost-pristine plastics [17]. Polymers reprocessed by melt and
remoulding have lower molecular weights, less mechanical strength, and reduced thermal
stability compared to virgin materials [18]. Thus, limiting their application in composites such
as building materials as strength is of importance in such materials. However, studies have
been conducted on the types of recycled plastics that can be applied in building materials and
the maximum loading in various composites to ensure the required quality is maintained [19].
Furthermore, the incorporation of plastics offers the advantage of lightweight materials as
their density is far below that of concrete [15]. Notably, light weight building materials are

attractive in many sectors and have a direct impact on cost savings.

The building and construction industry is the major consumer of CFA and CBA [20]. It has set
standards on the type and quality of coal ash that can be employed [21]. It has been noted
that in cement composites, coal ash with high LOI tend to require high amounts of water
during preparation, results in poor air entrainment, segregation and also compromises the

ultimate compressive strength and quality of the mixed components [22].
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The mineralogical analysis using techniques such as X-ray florescence spectroscopy (XRF) and
energy dispersive spectroscopy (EDS) is the primary test used to identify the elemental
composition in CFA and CBA. For application in building materials, the qualitative and
guantitative elemental composition analysis is important for understanding potential
leachability. The metals in coal ash can pose a threat to both the exposed human beings and
the environment. Thus, their leachability must fall within a set threshold limit. Furthermore,
analytical techniques such as inductively coupled plasma mass spectrometry/ optical
emission spectroscopy (ICP-MS/OES), atomic absorption spectrometry (AAS), differential
pulse anodic stripping voltammetry (DPASV) are also used for elemental composition analysis

and have the advantage of low detection limits [23].

Other techniques of importance are XRD, which gives crystallographic information, SEM used
for morphological analysis, FTIR for functional group determination and TGA for thermal
stability [24]. The TGA analysis is paramount especially for LDPE as it is known to have a high
linear burning rate. Thus, its incorporation in composites must be within limits to ensure the

required thermal stability is maintained.

4.1 Experimental

The CFA and CBA used in this project was supplied by Lethabo thermal power plant (Free
State, South Africa) (Figure 4.1). At the Lethabo Power Plant, ash is deposited as a dry residue.
The coarse ash and fine ash are deposited as a mixture on to the ash dump and fly ash is
collected from the combustion chamber. The CFA and CBA were used as-received without
any treatment or purification (Figure 4.2 a) and b)). They were kept in a tightly sealed
container and kept away from light to ensure their composition is not altered prior to

characterization.

LDPE was collected from Whole Earth, a plastic recycling company. It was already sorted and
cleaned upon receival. The waste plastics were air-dried and cut to small sizes for easier
application (Figure 4.2 c)). The waste materials were characterized using various techniques

to study their properties for application in building composites.
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Figure 4.2: As received a) coal fly ash, b) coal bottom ash, and c) low density polyethylene.

4.2 Results and discussion

4.2.1 Coalflyash

4.2.1.1 Physical properties of coal fly ash

Table 4.1 presents the physical properties of CFA. The average particle size of CFA was 36.6
um with the majority of the particles below 10 um. The particles were within the 0.5 um-300

um reported particle size range [20]. Furthermore, Lethabo Power Plant CFA has been
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identified as fine with 90% of its particles below 11 um [21]. The particle size of CFA is
important in its application as a filler in composites. Smaller particles normally result in denser
and compact composites as they can fill small spaces [22]. The true density was 2.4 g/cm3 and
the pH readings showed that the CFA was basic (11.1) which was as a result of the Ca (present
as Ca0) in high concentrations of 7.03% (Table 4.2).

Table 4.1: Physical properties of coal fly ash

Average particle size (um) True Density (g/cm? pH
36.6 2.4+ 0.03 11.1

4.2.1.2 Mineralogical analysis

Table 4.2 shows the ICP-OES elemental composition of CFA. The major constituents were Si,
Al, Ca and Fe existing as metal oxides, accounting for about 87% of the total composition.
While other minor oxides such as Cr, Mg and Ti accounted for almost 4%. Elements such As,
Cd, Co, Cu, Mn, Mo, Ni, Pb, V and Zn were present in trace amounts (ppm). Cu and Pb were
found to exceed the total concentration threshold (TCTO) limit in waste which is 16 and 20
ppm respectively [25]. However, they can only pose a health or environmental threat if their
leachability is about the accepted threshold limit. The sum of SiO;, Al;03, Fe203 was found to
be greater than 70%, meaning that the CFA could be classified as Class F according to the
ASTM. This type of fly ash has been used for cement replacement in building composites. The
LOI was 1.91%, which represented the amount of unburnt carbon. This was comparable to
the 2.4% obtained from TGA (Figure 5). The LOI was within the specified requirement of <6%
by the ASTM for building materials. The Si/Al ratio was found to be 1.7, this ratio has been
found to influence the compressive strength of geopolymers from fly ash. It has been
reported that the higher the ratio the higher the compressive strength. In some instances, Si

is introduced as an additive to improve the compressive strength [26].
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Table 4.2: ICP analysis of coal fly ash

Coal fly ash

66,21] 255,86)

4.2.1.3 Crystallographic analysis

The X-ray diffractogram of CFA shown in Figure 4.3, presents crystalline phases of quartz
(Si032), mullite (AlsO13Si2) and hematite (a-Fe203). The hematite phase is not abundant in the
CFA, which might be the reason Fe was not detected in the EDS. The quartz and mullite phases
were dominant, accounting for their abandance in the sample, which resulted in the
formation of the glassy smooth surface of CFA, which is dense and chemically stable [27].
Quartz came from the inorganic part of the coal and did not merge during the combustion
process [28]. While, mullite was formed from the coal combustion process. Mullite is not
reactive, and found in Class F fly ash and the class was confirmed by ICP. However, quartz is
present in all types of fly ash. The presence of an armophous phase was indicated by the
broad hump between the 26=15-35° region. This was observed in other studies and attributed
to aluminosilicate glass [28]. The dominance of the aluminosilicate glass phase in both
armophous and crystalline phase (mullite) was mainly attributed to rapid cooling of CFA after
the coal combustion at high temperature [29]. Aluminosilicate glass is formed from low
calcium coal, while calcium aluminosilicate glass is formed from high calcium coal [30]. In CFA
Class C, the latter is thought to be a reactive phase, which contributes to its higher reactivity

than in Class F [30].
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Figure 4.3: XRD profile of coal fly ash.

4.2.1.4 Morphological analysis

The majority of the as-received Lethabo thermal power plant CFA particles were spherical and
smooth with smaller spheres on the surfaces of the larger ones as shown by SEM images in
Figure 4.4. The coal combustion conditions such as the kindling temperature of coal and the
rate of cooling informs the morphology of the CFA [31]. During the combustion process,
minerals present in coal tend to behave like liquid before they solidify. They may decompose,
fuse, oxidize, dissolve or aggravate to produce various morphologies of the CFA particles [31].
Notably, CFA particles solidify while suspended in the flue gases and tend to have spherical
morphologies. Furthermore, spherical morphologies can be attributed to high silicon contents
in the CFA [9], which was indeed observed from the XRD and EDS results. The spherical shape
is also suggestive of moulded particles formed as a result of coagulation, condensation and

nucleation during high temperature combustion [32]

The smooth surface of the particles is as a result of being covered with an amorphous glass
phase [33]. It was observed from the EDS that the CFA had a high mineral content of Si, Al, O,
Ca, K, Mg and trace elements of V and Mn. The spherical particles were below 10 micron (0.3-
8 micron). As also shown by the EDS, the spherical particles were mainly made up of

aluminosilates (Al, Si and O). Larger particles with an average of 20 micron were also
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observed, with irregular shapes and rougher surfaces. The rectangular shaped particles were
detected by EDS to be mainly carbon with the presence of Al and Si which was expected as
they are the major constituents in the sample. During the combustion process of coal, carbon
is burnt. However, as shown with this fly ash, residual unburnt carbon remained. This was
also shown with the LOI obtained from analysis, which gives an indication of the residual

carbon.

Full Scale 135 cts Cursor: 0.000

Full Scale 135 cts Cursor: 0.000

Figure 4.4: SEM images and EDS spectra of coal fly ash.

4.2.1.5 Functional groups analysis

In Figure 4.5, an FTIR spectra of CFA is represented. A small peak around 3679 cm™ was

observed and attributed to hydroxyl groups of water molecules adsorbed on the surface of
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the CFA and silanols (=Si—OH) [9]. CH; stretch was observed at 2986 and 2898 cm™ and at
1404 cm™ a peak ascribed to C-O stretch was shown. The prominent CFA asymmetrical
stretching mode associated with T-O-T stretching (T= Al, Si) was detected at 1062 cm™
wavenumber [34]. This stretching mode was observed with materials such as CFA whose
major components are Al and Si (aluminosilicates) as also shown in the XRF, EDS and XRD
spectra. The shoulder peak observed at 901 cm™ and the subsequent peak at 778 cm™ forming
part of the broad band, were ascribed to the presence of the glassy phase in the CFA [35]. The
glassy phase was also depicted in the SEM images as accounting for the smooth surface of the
spherical CFA particles. At 550 cm™ an Al-O bend was observed which represented the
octahedral aluminium present in the mullite (AlgO13Si2) phase. Further at 440 cm™ a T-O (T=Al,

Si) bending vibration was observed [36].
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Figure 4.5: FTIR spectrum of coal fly ash.

4.2.1.6 Thermal analysis

TGA and derivative plots are shown in Figure 4.6 under an oxygen environment. As shown in
the plots, CFA was thermally stable even at high temperature because its major constituents

are minerals. The weight loss observed below 200 °C was attributed to the loss of atmosphere
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moisture absorbed by the sample. The residual carbon which was observed on the ICP-OES as
loss on ignition (LOI) decomposed above 200 °C. Furthermore, the weight loss that occurred
between 400 °C and 680 °C, was attributed to the decomposition of volatile organic
compounds and the dehydroxylation due to the loss of water as a result of condensation of
silanol groups forming siloxane bonds [37]. The presence of silanols was also observed on the
FTIR (Figure 4.4). The mass loss is below 3% even above 800 °C, which shows that CFA is
thermally stable as the major constituents are metals. Thus, CFA can be used as a filler to

stabilize polymer composites.
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Figure 4.6: TGA and derivative plots of coal fly ash.

4.2.2 Coal Bottom Ash

4.2.2.1 Physical properties of coal bottom ash

The physical tests performed on CBA are reported in Table 4.3. The average particle size of
CBA was found to be 58 um, which was larger than that of CFA. This was as a result of the
larger particles that settled at the bottom of the chamber where CBA was collected. However,
the particle size of the CBA was lower than the reported particle size of 180-1000 um. This is

because the CBA collected from the Eskom power plant was processed prior to its release to
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ensure safer disposal. Thus, the CBA collected and used in application was of a finer particle
size. The true density was 2.3 g/cm?which was similar to that of CFA as well as that reported
in literature [36]. The pH was 10.3 and classified as mildly alkaline [37]. The pH was lower than
that of CFA due to the lower level of Ca (4.64%) compared to 7.03% in CFA.

Table 4.3: Physical properties of coal bottom ash

Average particle size (am) | True Density (g/cm3) pH

58 2.3+0.1 10.3

4.2.2.2 Mineralogical analysis

Table 4.4 presents an elemental analysis of CBA. SiO, was found to be the most abundant
element at 53.3%, which was higher than in CFA (48.4%), followed by Al,0s, CaO and Fe;0s.
Other metal oxide such as MgO, TiOz and Cr.03 were found in smaller quantities respectively.
Trace amounts of As, Cd, Co, Cu, Mn, Mo, Ni, Pb, V, Zn were observed similar to CFA. Unlike
in CFA, in the CBA sample, Cu, Pb and also V were above the total concentration threshold
(TCTO) limit which is 16, 20 and 150 ppm respectively, which can pose a risk if they leach above
the acceptable limit [25]. The CFA and CBA were collected from the same power plant
(Lethabo) and similarities in their elemental composition was expected. The LOI for the CBA
was found to be 1.32% which was lower than that in CFA which was not expected. Unburnt
carbon is usually higher in CBA than in CFA due to its larger particles that settle more at the
bottom of the furnace rather than travel with the flue gas and collected as CFA. However, in
both ash samples the LOI was low and fell within the <6% recommended limit for application
in building composites. The Si/Al of CBA was found to be 1.9. This was slightly higher than

CFA, which might result in stronger bricks than those produced from CFA.
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Table 4.4: ICP-OES analysis of coal bottom ash

Coal bottom
ash

<10] 63,12| 40,93] 150,18 57,89

4.2.2.3 Crystallographic analysis

In Figure 4.7, an XRD profile of CBA is shown. The dominant crystalline phases were quartz
(Si02) and mullite (Al203), which was also evident with the ICP-OES and EDS results. Minor
phases of hematite (a-Fe,03) were also observed similar to the CFA sample. CBA showed
more crystalline quartz phase compared to CFA which had amorphous quartz (represented
by the broad hump) also observed in another study [38]. Furthermore, the anorthite phase
(CaAl»Si;0s) was detected at 26= 33° for CBA which was not visible with CFA due to the

amorphous vitreous components.
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Figure 4.7: XRD profile of coal bottom ash.
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4.2.2.4 Morphological analysis

The microstructure and particle size of CBA are influenced by the combustion temperature
and cooling rate during the incineration process [39]. Figure 4.8 presents SEM images and EDS
spectra of as-received bottom ash at different areas within the sample. The particles were
spherical, cenospheres (hollow spheres filled with other smaller spheres) and irregular. They
possessed a large size distribution (0.1-90 micron) with some very small spheres and large
irregular particles. Agglomerated particles were also observed and have been found to be in
the form of polycrystalline (formed during cooling), amorphous and glassy phases. The major
elements which were detected by EDS were silicon (Si), aluminium (Al), calcium (Ca), iron (Fe)
and these exists as oxides in the CBA [40]. Trace elements such as calcium, titanium,
magnesium, potassium and phosphorus were also detected. Furthermore, there was gold
(Au), palladium (Pd) which were the coating materials used and also carbon which was both
from the carbon tape and a residue from the CBA. The residual carbon similar to CFA was

detected by EDS to be the irregular rectangle shaped particles and attributed to incomplete

combustion of the coal during incineration.
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Figure 4.8: Images and EDS spectra of coal bottom ash.
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4.2.2.5 Functional groups analysis

Figure 4.9 presents an FTIR spectrum of CBA. The spectrum is similar (with minor wavenumber
shifts) to that of CFA (Figure 4.5), indicating that the samples were collected from the same
power plant and potentially originates from the same or similar parent coal. The peak at 3680
cm was attributed to the presence of hydroxyl groups due to surface moisture on the sample
[41]. The two peaks at 2972 cm™ and 2892 cm™ were ascribed to CH; strength and at 1394
cm™ a CO stretch was observed [42]. Several mineral oxide peaks were observed which
corresponds with the ICP-OES results that showed most elements in CBA to exist as oxides. A
prominent peak distinctive of aluminosilicates was observed at 1058 cm™ which represented
T-O-T (T= Si/Al) stretch. The shoulder peaks that accompanied this peak shown at 898 cm™?
was indicative of a glassy phase of the CBA. At lower wavenumbers bending modes of Al- and

T-O were shown at 564 cm™ and 457 cm™ respectively [43].
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Figure 4.9: FTIR spectrum of coal bottom ash

4.2.2.6 Thermal analysis

Thermal decomposition peaks and weight loss at respective temperatures are shown in Figure

4.10. The initial weight loss below 200 °C was attributed to the loss of surface moisture. At
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400 °C, a mass loss ascribed to dehydroxylation of C-H bond was observed. The major weight
loss was observed at 650 °C and was attributed to the decarbonization of C-C bond which is a
property of importance in the cement industry [44]. This type of CBA with low carbon content
can be easily mixed with hydroxides to form cementious products. A total weight loss of 2.2%
was obtained, which was comparable to the LOI. The difference in the mass loss percentage
is because LOI only accounts for the weight loss of unburnt carbon, while TGA accounts for
the loss of other volatile compounds within the BA sample. The CBA was thermally stable at
temperatures below 600 °C and thus, can play a vital role as a flame-retardant filler in

polymer-based building composites.
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Figure 4.10: TGA and derivative plot of coal bottom ash.

4.2.3 Comparison of CFA and CBA

Table 4.5 shows the differences in properties of CFA and CBA. The ash samples had
comparable properties as they were from the same power plant. However, some properties
were different due to the residues being collected from different components of the
combustion process. The properties of the ashes and their availability informed the type of
ash that was used in application for this study. The LOl is an important property for application
of coal ash in cement composites. However, in this study it did not play a significant role as

cement was not used, thus, the hydration mechanism did not form part of the brick
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development. The level of trace heavy metals which have a potential of being toxic when
leaked was important. Furthermore, the thermal stability of the ashes was important as
plastics which are flammable were used in the bricks. CFA had a lower thermal stability
compared to CBA due to the higher levels of unburnt carbon present as also shown by the
high LOI. However, it was not significantly lower than that of CBA and carbon nanotubes were

applied in the composites to further improve the thermal stability of the composite.

Table 4.5: Differences in the properties of coal fly ash and coal bottom ash

Coal fly ash Coal bottom ash

Lower level of SiO; (48.2%) Higher level of SiO; (53.3%)

Higher LOI (1.91) Lower LOI (1.32)

Higher levels of only Co and Cu Higher level of trace elements (Ni, Pb, V, Zn,
Mn)

Lower thermal stability (97.5) due to higher Higher thermal stability (98.8) due to lower

carbon content carbon content

More spherical particles More irregular shaped particles

4.2.4 Low density polyethylene (LDPE)

4.2.4.1 Functional group analysis

Figure 4.11 presents the FTIR spectra of LDPE. The functional groups of LDPE are mainly
alkanes (C-H). However, due to processing, other functional groups are introduced to their
frameworks. A vibration mode corresponding to O-H stretch was found at 3673 cm™. This was
ascribed to the atmosphere moisture absorbed on the surface of the LDPE. Prominent peaks
of CH; stretches were observed at 2923 and 2833 cm™ wavenumber. These are typical for
alkane chains that are the backbone of the LDPE structure [45]. CH; and CH bending appeared
at 1464 and 1238 cm™ wavenumber respectively. Furthermore, C-O and O-C=0 vibrational
peaks were observed at 1064 and 870 cm™ wavenumber respectively [46]. These could be as
a result of colorants and additives represent in the LDPE as this was not a pristine polymer
but rather a recycled polymer. A sharp peak at was observed at 717 cm?, representing a CH»

bending.
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Figure 4.11: FTIR spectra of LDPE

4.2.4.2 Crystallographic analysis

In Figure 4.12, an XRD profile for LDPE is shown. It was observed that the polymer is semi-
crystalline, with crystalline phases shown by the sharp peaks and the amorphous phases
indicated by the broad peaks. The two characteristic peaks of polyethylene we more
pronounced as it was the main component of the polymer. The peaks were observed at 26=
22.06° and 26=24.11°. For pristine LDPE, the 20=24.11° is usually sharper and more intense
than in recycled LDPE as shown. This is due to the additives in recycled LDPE which tend to
influence the crystallinity of the polymer. From literature, the peaks at 26= 27.61° and 26=
29.63° have been identified as rutile (titanium dioxide) and calcite (CaCOs) respectively. These
are from the additives such as colourants used in the recycled polymer. Rutile is an oxide
mineral composed of titanium dioxide and mostly used as a colouring agent in plastics, paints,
paper and other applications. While, calcite is a mineral used as a white pigment to impart
brightness into polymer products. It is applied to improve the resistance of the plastic against
light and high temperatures and retains the colour of the plastic under various environmental

conditions.
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Figure 4.12: XRD profile of LDPE.

4.2.3.3 Thermal analysis

The TGA and derivative plots for LDPE are shown in Figure 4.13. A small weight loss was
observed around 100 °C. This was attributed to loss of absorbed moisture which was also
shown on the FTIR spectra (Figure 4.11). The major weight loss was observed at 458 °C, which
was the degradation the polymer. This is consistent with other reported studies, where LDPE
was recorded to decompose above 400 °C. It degrades and produce gaseous compounds with
no solid mass remaining above 500 °C [47]. Understanding the thermal degradation of the
polymer was important for the application in building composites. This will allow the use of
sufficient flame retardant (fly ash/bottom ash and CNTs) in order to maintain the integrity of

the composite.
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Figure 4.13: TGA plot and derivative plots of LDPE.

4.3 Conclusion

The application of waste materials in building composites is a sustainable approach towards
managing pollution and ecological degradation of natural resources. Furthermore, knowing
the waste material’s physicochemical properties enables their application within permittable
requirements and standards. This ensures consistency in the quality of the products produced
by using waste materials of the same or similar properties. The characterized CFA and CBA
from Lethabo Power Plant showed high thermal stability and low LOI which are properties of
importance in building composites. They can act as flame retardants and stabilize polymer-
based composites which are highly flammable. The two ashes had a wide particle size
distribution and high levels of silica and alumina similar to that of sand, which showed their
potential applicability as sand replacements in composites. However, toxic metals such as
chromium were detected in the ashes, which could potentially leach and pose threats to the
environment and human beings. Consequently, a polymer binder (LDPE) was added to the
composite; which can potentially limit the leaching of heavy metals from the composite

matrix.
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CHAPTER 5

APPLICATION OF CARBON NANOTUBES IN WASTE-DERIVED BRICKS

5. Introduction

The demand for sustainable building materials is growing and these materials must meet the
short-term and long-term structural efficiency of buildings. Both industrialization and the
growing world population has led to housing deficiencies in most developing countries [1].
The citizens migrate to urban areas for better quality of life and there they require housing.
Furthermore, the fast-growing population increases the housing demand and puts a strain on

the resources especially for growing economies.

Bricks are the commonly used building materials in construction activities. A brick is a
masonry unit not exceeding 337.5 mm x 225 mm x 112.5 mm (/ x b x h) [2]. Any unit with a
dimension that exceeds any one of those specified above is termed a block [2]. Bricks are
usually moulded to rectangular shapes of uniform size, dried, and at times burned (clay bricks)
before application [3]. Building materials are expensive and account for 70% of the total
building costs. Furthermore, bricks utilize about 65% of natural aggregates (i.e., sand and

stones) [4].

There is a growing trend towards the use of inexpensive, renewable and lightweight building
materials that can be as effective as the conventional ones. At the same time, policies that
govern the building and construction sector are becoming more stringent, for example with
the type of materials that can be used in the building industry [5]. This has led to significant
research towards incorporating sustainable alternatives such as waste into building materials

for use in brick manufacturing, in order to conserve the environment [6].

An example of this is the use of polymer concrete composites as an alternative to ordinary
concrete composites. These composites do not contain any cement or water, while those
mixed with ordinary cement, are known as polymer modified concrete bricks [7]. In polymer
concrete composites, the polymer acts as a binder, while the aggregate acts as the
compressive stress material [7]. A successful aggregate must made of a good quality material

and must be dry. Coal ash has been used as an aggregate in polymer concrete composites [8].
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These composites are potentially ‘green and sustainable’ as they utilize waste/by-product
materials. They are also light-weight and free of water and cement. Water disturbs polymer
setting and hence the aggregates must be dried prior to application to ensure their binding
capacity is not compromised [9]. Even though coal ash contains silica and is pozzolanic in
nature, it only acts as an aggregate. In the composites there is no cement or water to foster
the hydration reaction. Further, the spherical morphology of coal ash and their small particle

sizes have been found to enhance the mechanical strength and workability in brick making

[9].

Composites usually have pores, defects and voids which tends to affect their mechanical
properties. Thus, microfillers such as fibers and silica can be added to improve their
microstructure by producing a reinforcing framework [10]. Recently, nanofillers such as
carbon nanotubes (cylindrical carbon allotropes) have become popular in reinforcing
composites. This relates to their excellent mechanical properties (compressive, tensile,
flexural strength) which are desirable in building composites [11]. Their superior properties
result in the making of high performing composites, even when loaded in small
concentrations. Generally, carbon nanotubes (CNTs) are dosed in concentrations as low of
0.01 wt.%. Even at these low dosages, composites with a strength > 20% than found for

conventional bricks have been obtained [12].

In cement-based composites, CNTs speed up the hydration reaction by acting as nucleation
sites and increase adhesion with cementitious hydration products [13]. In polymer concrete
composites, CNTs reinforce the brick by filling voids, and facilitate the bridging effect as well
as load transfer which hinders microcrack propagation [14]. The bridging effect by CNTs is
when they are adjacent to the crack, shield the crack front from carrying the entire load
applied. Thus, acting as a crack arrestor due to which the crack resistance and fracture

toughness increases [14].

However, the challenge with using CNTs in composites is their tendency to agglomerate. This
is due to their large surface areas which induces strong attractive forces (Van der Waals)
between CNTs [15]. At low dosages, high CNT dispersion is possible, which is required for
maximum mechanical performance [16]. Different approaches such as the use of surfactants
and ultrasonication have been adopted to ensure a homogenous dispersion of CNTs within

the composite. Covalent bonding is involved in chemical functionalization, which is the most
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often utilised technique. Strong acids, such as sulfuric and nitric acids, are typically used in
chemical functionalization processes to introduce oxygenated functional groups. These
functional groups enable the CNTs to disperse in solvents and other matrixes. Further, the
functionalized CNTs have improved interfacial interactions within the composite which

enhances their reinforcement ability [16].

CNTs have been used to reinforce partially replaced coal ash-cement composites or polymeric
composites. However, to the best of our knowledge they have never been used to reinforce
all waste (coal ash and waste LDPE plastic) bricks completely free of cement or clay.
Conventional building bricks are usually made of clay or cement and composites of these
materials have been tested for their strength and ability to be load bearing. Thus, the
application of CNTs in bricks without strength developing aggregate materials (cement/clay)
will be crucial as they will be the material responsible for reinforcement and load transfer.
The coal ash will only act as an aggregate due to the absence of water. It cannot impart its
pozzolanic properties which are known to facilitate the hydration reaction and strength
development of geopolymer composites. Usually, coal ash and other waste materials such as
waste plastics and glass are partially added (maximum of 40%) to clay or concrete bricks but

never used as the only aggregate materials as in this study.

The conventional method for making bricks involves wet mixing (with water) of aggregates
and casting them in the mould and lastly -in the case of clay bricks- firing the final brick
product [3]. However, in this study the process involved melting LDPE and mixing it with the
aggregates, then casting into moulds and air drying the final brick product. Functionalized
multiwalled carbon nanotubes (-MWCNTs) were made in this study and used to reinforce the
LDPE-coal ash bricks. Their effect on the mechanical properties (compressive and tensile
strength), water absorption, density and microstructure were investigated. The brick samples
were incorporated with different dosages of f-MWCNTSs, (0.00 wt.%, 0.01 wt.%, 0.05 wt.%,
and 0.1 wt.%).

5.1 Methodology

The outline of the process used to develop the bricks is shown in Figure 5.1 and the mix design

is presented in Table 5.1. Weighed amounts of shredded low-density polyethylene (LDPE)
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plastic waste was melted for 30 min and the dried coal ash (either coal fly ash (CFA) or coal
bottom ash (CBA)) was added to the melted LPDE. The mix was blended in a reactor for 20
min or until homogenous. The mix was then cast in a mould (220 x 105 x 70 mm) and
compacted at 40 MPa to make control bricks (i.e., with no CNT added). In other experiments,
CNTs (0.01, 0.05 and 0.1 wt.%) were added to the LDPE-coal ash mix to make CNT reinforced
bricks. The CNTs added were those synthesized and functionalized as detailed in Chapter 4.

The bricks were left for 30 min to air dry and were kept for testing.

Plastic waste

+

r ‘ Weighed amounts PropriEtary
‘ memmss) | blender

‘_ -

Coal ash (CFA/CBA)

o

i
@ e

Carbon nanotubes

Figure 5.1: Schematic of the method used to make the bricks
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Table 5.1: Mix design of the developed bricks

Sample ID CFA CBA LDPE CNTs
wt.% wt.% wt.% wt.%

1. 80 0 20 0

2. 85 0 15 0

3. 90 0 10 0

4. 0 80 20 0

5. 0 85 15 0

6. 0 90 10 0

7. 85 0 15 0.1

8. 85 0 15 0.5

9. 85 0 15 1

5.2 Tests performed on the bricks

5.2.1 Workability

The bricks were tested for workability during mixing to determine the optimum working ratio.
This was to ensure homogeneity of the composite and sufficient binding of the polymer with
the dry ingredients. The ratio of the aggregate to binder was varied at 80:20, 85:15 and 90:

10 respectively.

5.2.2 Compressive strength

The bricks were tested for compressive strength using an Amsler compression testing
machine according to ASTM C67. Three brick samples of different compositions were tested.
The samples were tested in the direction that bricks would be typically laid (which is the side
with the higher surface area). A loading rate between 1 + 0.5 kN/s was applied until failure
occurred. The load at failure was then recorded and used to compute the compressive

strength using the formula below [16]:
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Where CS is the compressive strength (in MPa), F is the force/load at failure (in N) and A is

the cross-sectional surface area of the specimen in (in mm?).

5.2.3 Split tensile strength

The bricks were tested for split tensile strength using a compression testing machine (Figure
5.2) according to ASTM C1006—07. A 2.16 kg steel block with a length of 224.7 mm and
diameter of 10 mm was placed in the middle of the brick and a loading rate between 1 + 0.5

kN/s was applied parallel to the edges along the length of the brick, until failure occurred.

Figure 5.2: Split tensile strength testing setup

5.2.4 Density

The density of the bricks was determined by measuring the mass and dimensions of each

specimen and recorded in kg/m?3and the tests were done in triplicate.

5.2.5 Water absorption

The water absorption capacity and deformations due to water absorption were conducted

simultaneously on test bricks according to ASTM 607. Prior to testing, the bricks were left in
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an oven (maintained at a temperature of 50 °C for 24 hours) and the mass recorded daily until

a constant mass was reached. The initial length of the bricks was also measured.

The brick samples were then submerged in a water tank at 22 + 1°C, for 24 £ 2 hours. Following
this period of submergence, the samples were removed from the water tank, and new mass
and length readings were immediately recorded. The samples were then placed back in the
water tank. Subsequent readings were then taken every 242 hours until the mass and strain

(length) readings remained constant.

5.3 Results and discussion

5.3.1 The effect of mixing ratios on the workability

The workability of composite describes the compatibility of the mix components, i.e., their
mobility and their stability. It gives information on the consistency and homogeneity of the
mixture and thus, the quality of the final composite [17]. Table 5.2 records the workability
data obtained on the brick samples at different mixing ratios. Three mixes of the same
composition were prepared to make the bricks. These mixes were chosen because bricks with
the lowest amount of LDPE while sufficiently bond were desired to reduce their risk of
flammability. Figure 5.3 represents bricks developed with coal fly ash, it was noted that the
80:20 (coal fly ash: LDPE) ratio resulted in a soft mix that accounted for bricks that were too
soft and were slightly deformed after compaction (Figure 5.3a). The 90:10 ratio resulted in a
hard mix that had insufficient polymer to bind the coal ash aggregate. The bricks were fragile
with the surface grains easily breaking down and exposing new sharp edges (high friability) of
the brick (Figure 5.3c). The optimum ratio was found to be 85:15 and this was used for both
CFA and CBA for comparability in separate experiments. This ratio resulted in good bricks that
were well compacted (Figure 5.3b). The optimum ratio was used in all further studies where

the effect of CNT dosage on the properties of the bricks was investigated.
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Table 5.2: Mixing ratios of raw materials

SampleID  Coal ash (CFA/CBA) LDPE Results

a) 80 20 Too wet (deformed bricks)
b) 85 15 Mixes well

c) 90 10 Does not mix well

Figure 5.3: Brick sample using different coal fly ash: LPDE ratios. a) 80:20, b) 85:15 and c)
90:10.

5.3.2 Compressive strength

5.3.2.1 Compressive strength development

Compressive strength tests were performed on both the CFA/CBA-LDPE bricks at 85:15 ratio
respectively. This test determines the amount of load a brick can handle and consequently,
the type of application the bricks can be used within the building and construction fields. The

compressive strength of conventional concrete bricks improves with time due to the
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hydration process that gradually takes place in a brick and the tests are performed after 28
days [18]. To study the effect of compressive strength development of the coal ash-LDPE
bricks relative to the conventional bricks they were tested over 28 days of casting. The effect
of time on the compressive strength of the CFA and CBA bricks was studied at day 3, 7, 14 and
28 after casting. Figure 5.4 presents the strength development data for the coal ash bricks
over the 28 days. It was noted that for both the CFA and CBA bricks, the compressive strength
improved with time. The maximum compressive strength at day 28 was 12.1 and 10.9 MPa
for CFA and CBA bricks respectively. However, unlike the conventional bricks, the strength
development of the coal ash-polymer bricks showed no significant improvement after 14
days. These findings were similar to those of Sokolowska, where it was observed that for
polymer composites (vinyl ester-fly ash), the strength development was 60% within the first
day of casting and reached up to 80% within 3 days [19]. This was due to the dynamics of
setting and curing of the polymer binder. The process rapidly goes through a gelation phase
and then polymerization to create a cross-linked framework in the polymer matrix [20]. Thus,

polymer composites develop their properties as a function of time.

The results obtained showed CFA composites to have a slightly higher compressive strength
compared to those of CBA. This could be attributed to the smaller particle sizes of CFA as
compared to CBA (see section 4.2.1.3 and 4.2.2.3) which might have affected the porosity of
the bricks and thus their compressive strength. CFA particles are generally finer while those
of CBA are heavier [21]. Furthermore, the moisture content of CBA was higher than that of
CFA, as confirmed by TGA measurements (see section 4.2.1.5 and 4.2.3.3). Water disturbs or
prevents the setting of polymers which can affect their ultimate compressive strength [22].

From the above data, CFA bricks cured for 14 days were used in all later studies.
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Figure 5.4: Compressive strength development of CFA and CBA bricks with time

5.3.2.2 Effect of CNT dosage on the compressive strength

Figure 5.5 shows the compressive strength of CFA bricks at different CNT dosages after 14
days of curing. The compressive strength of the bricks increased with an increase in CNT
loading. The strength improved from 11.9 to 17.2, 22.4 and 25.4 MPa for the control, 0.01,
0.05 and 0.1 wt.% CNT loadings respectively. These results showed that low CNT dosages can
significantly improve the compressive strength of composites. However, the results obtained
in this study for the 0.1 wt.% CNT dosage showed substantial variation which resulted in a
large error margin of +6 MPa. This was attributed to agglomeration of the CNTs at the higher
loading, resulting in the formation of an inhomogeneous matrix. Agglomeration within a
composite matrix can result in weaker spot that are prone to microcracks. The small CNTs are
presumed to fill the voids within the composites and also created a bridging effect that
minimize microcracks within the matrix when stress is applied. Furthermore, their long length
enabled effective load transfer, thus reinforcing the composite [23]. Studies have been
reported by other researchers on the addition of low CNTs dosage (0.01-0.2 wt.%) to related
materials [24-28]. It was recorded that at low dosages, there was better dispersion which

enabled the CNTs to be effective in reinforcement. Their surface area was not compromised
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and for the functionalized CNTs, the treated surfaces were better exposed for interaction
within the composite. Similar results have been reported where cement mortars dosed with
CNTs (0.01, 0.015 and 0.02 wt.%) resulted in an increase in the compressive strength of the
mortar. This was attributed to densified cement-CNT clusters that limited crack initiation,

propagation and distribution [29].

The recommended ASTM C67-03 and SANS227:2007 compressive strength requirements for
building bricks are: 4.0 MPa for on-site building, 5.0 MPa for off-site building, and 10 MPa for
multi-story buildings [30]. All the new bricks surpassed the 10 MPa requirement (Figure 5.5).
Further, at their load of failure, the bricks were not crushed but did show some minor cracks
(Figure 5.6). However, beyond their load of failure the bricks (0.05 wt.% CNTs) shown in Figure
5.7 ruptured. This phenomenon of crack distribution upon applied load was not observed
upon the addition of the CNTs. Minor cracks at different areas were shown, suggesting that
the CNTs prohibited the continuation of cracks after they were initiated. It was observed that
as the CNT dosage increased, the porosity of the bricks was reduced (Figure 5.6), due to the
CNTs which further increased their compressive strength. The cracking mode of the bricks
was classified as ductile and this is usually observed for polymer composites [31]. This type of
crack will not continue unless the applied stress is increased and it generally ceases
continuation when the load is removed. Polymer composites usually undergo significant

plastic deformation before rupture, which was observed with the developed bricks [31].
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Figure 5.5: Compressive strength of coal fly ash bricks with different CNT dosages

Figure 5.6: Bricks after compressive stress was applied
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Figure 5.7: Stress beyond load of failure applied on the 0.05 wt.% CNT brick

5.3.3 Split tensile strength

Figure 5.8 shows data for measurement of the tensile strength of the CFA bricks with different
CNT dosages, after 14 days of curing. The split tensile strength was found to be 3.2, 5.4, 8.7
and 9.8 MPa for the control, 0.01, 0.05, and 0.1 wt.% CNT samples respectively. Similar to the
compressive strength, the tensile strength increased with an increase in CNT dosage. This was
attributed to improvements in the microstructure upon the addition of CNTs, making the
bricks denser and more compact. It was observed at 0.05 and 0.1 wt.% CNT dosages that the
crack, upon tensile stress, was deflected and did not continue all the way to the end of the

brick (Figure 5.9).

The width and length cracks were measured and recorded in Table 5.2. The control and 0.01
CNT bricks cracked until the end and the crack length were similar to their length of 224 and
223 mm respectively. The 0.05 wt% had a length crack of 198 mm and 186 mm for the 0.01
wt.% (including the deflected crack). The recorded width crack was 4 mm, and 1.5 mm, 0.4
mm and 0.15 mm for the 0.0, 0.01, 0.05 and 0.1 wt.% CNT respectively. It was observed that

the width and length cracks were reduced upon increased CNT dosage. The recorded width
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This showed the bridging effect phenomenon due to the presence of the CNTs, that
prohibited the crack propagation. CNTs are similar to carbon fibers in their shape and size,
Both, when added to composites, work to remove microcracks and to bridge the cracks. These
effects increase the bonding between two sides of a crack and hence increases the split tensile
strength [4]. According to the ASTM C16, the split tensile strength of building bricks should
be 1.2 MPa [32]. All the bricks in this study satisfy the requirement.

12 -

Split tensile strength (MPa)

Control 0.01 CNTs 0.05 CNTs 0.1 CNTs

CNT dosage

Figure 5.8: Split tensile strength of coal fly ash bricks with different CNT dosages
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Figure 5.9: Bricks after the split tensile stress test

Table 5.3: Crack measurements after split tensile stress

Material Crack width (mm) Crack length (mm)

Control 4 224

0.01 CNTs 15 223

0.05 CNTs 0.4 198

0.1 CNTs 0.15 186 (including the deflected)

5.3.4 Density

Table 5.3 lists the dimensions, mass and density of the bricks made in this study. The average
dimensions of the bricks were 224 mm x 102 mm x 71 mm. These were comparable with the
222 mm x 106 mm x 73 mm dimensions of conventional bricks according to the South African
Bureau of Standards (SABS) [33]. The variation in the dimensions of bricks should be +2 mm
length, 1.5 mm breadth, £ 1.5 mm depth for the bricks to be considered good quality [33]. A
great variation in the dimensions could be as a result of variations in raw materials properties,

manufacturing processes and the moulds [34]. The bricks in this study had a dimension
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variation of £2 mm length, + 1 mm breadth and + 1 mm depth; within the permissible range.
The average mass of the bricks was 2.5 kg which was lower than the conventional bricks that
have a mass of between 3.0 kg and 3.5 kg [35]. This also accounted for an average density of
1577 kg/m3. The density of the bricks increased with an increase in CNT dosage (Table 5.3).
This was attributed to the reduced porosity of the bricks as a result of the CNTs acting as a
filler to occupy the voids within the composite. However, the density data were still less than
the typical concrete density of 2400 kg/m?3; but fell within the typical clay brick density range
of 1225 kg/m3 to 2190 kg/m3[36]. The low mass and density were due to the presence of the
waste materials (coal ash and plastic) which are lighter that the conventional building
aggregate materials such as cement, stones. It was also observed in another study that the
introduction of waste materials such as plastics and crushed glass into concrete bricks
reduced their density due to the low unit weight of the additive [37]. Density plays an
important role in the construction sector and recently the generation of lighter building
materials has become desirable. This is due to the easier transportation of lighter bricks and
that lighter bricks are easier to handle during construction. This has a direct impact on

construction time and thus, the overall costs [38].

Table 5.4: Dimensions, mass and density of the coal fly ash bricks

Sample ID. Average length  Average width Average depth Mass (kg) Density (kg/m?3)
(nearest mm) (nearest mm) (nearest mm)

Pristine 224 102 71 2.510 1547

0.01 223 101 71 2.525 1579

0.05 225 102 71 2.560 1587

0.1 224 101 70 2.585 1596

5.3.5 Microstructure analysis

Figure 5.10 shows the SEM images of CFA bricks reinforced with different CNT dosages. Figure
10 a) represents the control composite (0 wt.% CNTs) and it was observed that there were
several unoccupied spaces within the composite, meaning it was not fully compact. Thus,
accounted for the lower density and higher water absorption compared to the other
composites. Furthermore, the control composite had the lowest compressive and tensile

strength because the voids assisted in microcrack propagation under an applied load.
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When 0.01 wt.% CNTs was dosed to the composite (Figure 5.10b) it was observed that the
CNTs reinforced the composite through the bridging effect. The CNTs bridged the gaps
between the aggregates and thus, aided load transfer within the matrix when stress was
applied. In Figure 5.10c), a CFA composite with 0.05 wt.% CNT is shown. The CNTs were seen
to be well dispersed within the composite, which is desirable for reinforcement fillers. This
was due to their functionalization through acid treatment which is known to improve
dispersion [39]. At this dosage, the CNTs were able to fill the voids within the composite

matrix which densified the structure as well as aided in the bridging effect.

The CNT networks are expected to provide stronger resistance to deformation [40]. Thus, a
composite with 0.05 wt.% CNT dosage showed high compressive and tensile strength. Upon
an applied load, the CNTs within the composites deflected the cracks and prohibited their
continuation (Figure 5.8). Similarly, Chaturvedi et al., reported that hydroxyl functionalized
CNTs we were well dispersed in fly ash composites and no cracks or voids were then observed
indicating strong interfacial bonding [41]. Figure 10 d) shows CFA composites with 0.1 wt.%
CNT dosage. It was observed that the increase in CNT dosage to 0.1 wt.% resulted in CNT
agglomeration. The CNTs were not as well dispersed and were concentrated in specific
regions within the matrix. This was due to the strong Van der Waals forces that exists between
the CNTs [27]. At high dosages, the CNTs tend to be attracted to each other and agglomerate
[42]. The bundled-up CNTs led to increased micro-voids which caused inconsistencies in the
compressive and tensile strength results. Tests were done in triplicates, and data showed that
the inhomogeneity in the composite mix resulted in a large margin of measurement error and

poor repeatability.
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Figure 5. 10: SEM images of CFA bricks reinforced with different CNT dosages a) control, b)
0.01 c) and 0.05 wt.% d) 0.1 wt.%

5.3.6 Mechanism of interaction and reinforcement

The CNTs need to be well-dispersed in the composite for efficient reinforcement and this was
achieved as shown in Figure 5.10 c) through acid treatment with nitric acid. Acid treatment
allows the surfaces of the CNTs to be functionalized with polar oxygen-containing groups (—
COOH, C- 0, and —OH). Figure 5.11 represents the FTIR spectrum of the brick composite with
0.05 wt.% functionalized CNTs (f~CNTs). A minor carbonyl group of C=0 was observed at 1462
cm™ and at 1698 cm™ the C-O peak was more prominent than in the control. This indicating
the incorporation of the CNT’s functional groups in the matrix of the composite. The other

peaks at 2055, 2854 and 2924 cm™ were assigned to CH> for CNTs as well as for LPDE whose
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backbone is alkyl groups. The other peaks at 1066, 552 and 446 cm™ were the distinctive O-T
(T=Al/Si) peaks of coal ash.

It has been suggested that by encouraging electron exchange between carbon atoms and a
metal matrix, oxygen functional groups may enhance interfacial binding (Figure 5.12) [43].
Coal ash contains several metals (i.e., Al, Si, Fe) (see section 4.2.1.1 and 4.2.2.2) and the
functional groups may enhance bonding between the metal matrix and the CNTs. Further, the
functional groups in CNTs can improve interfacial interactions with the carbon atoms from
the LDPE polymer chains. In composites reinforced with nano-fillers such as CNTs, interfacial
shear stress enables the stress to be shifted from the matrix to the reinforcement. Effective
load transfer is dependent on the strength, chemical stability, length, aspect ratio, and quality
of the interface bonding, concentration, and uniform dispersion of the reinforcement filler
material [44]. The CNTs used were highly crystalline (Io/Ic=0.44) which relates to high strength
CNTs [45], had a length of 214 um and a high aspect ratio of 2578 (see Chapter 3). As a result,
the load transfer strengthening mechanism was able to absorb a significant amount of
fracture energy, which greatly reduced the propagation of cracks and improved load bearing

ability of the composite.
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Figure 5.11: FTIR spectra of the brick a) 0.0 wt.% (control) and b) 0.05 wt.% CNT dosage
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Figure 5.12: Schematic representation of the possible mechanism of interactions between the
different materials applied in the preparation of bricks

5.3.7 Water absorption and deformation

Absorption experiments were performed to measure the amount of water taken up to fill
pores in a brick. This is done by displacing the air with the water. Tests were run to determine
the degree of compactness of the bricks and consequently the porosity of the bricks. The tests
give information about the quality, durability and weathering properties of the bricks [46]. It
has been reported that bricks with a water absorption below 7% are less prone to damages
from freezing and thawing [47]. Water absorption tests were performed on the bricks and
the mass variation of the bricks during water absorption was reported as a percentage of the

brick’s original mass before being submerged in water.

Figure 5.13 a) illustrates the mass variation of the bricks during water absorption over time.
The water absorption rate for the bricks was high in the initial stages (day 1) but slowed down.
The first absorption was rapid absorption due to capillary pores and macro void. Micropores
known as capillary pores have a diameter of up to 1 um, whereas macro voids have a diameter
of more than 10 um. The second step, known as steady absorption, denotes the entry of water
at the capillary pore's top and its subsequent transfer into gel pores. These pores are smaller,
measuring about 2 nm [48]. Diffusion limitation applies to this water transport into gel.
Additionally, it was noted that reference bricks exhibited greater water absorbance than CNT

bricks during the exposed duration.
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The water uptake of CNT bricks started to stabilize at day 8. While, the control bricks
experienced continued water absorption and began to stabilize at day 11. After 14 days, the
amount of water absorbed by the bricks was 3.5%, 3%, 2.7% and 2.4% for the control (0.0),
0.01, 0.05 and 0.1 wt.% CNTs dosage respectively. This value was lower than both clay and
concrete bricks, which have water absorption values of 4.5 to 21% and 7 to 10% respectively.
Bricks with water absorption of less than 3% are called vitrified (low porosity) bricks [46]. The
developed bricks all showed low water absorption due to the presence of the LDPE polymer.
Plastics are usually hydrophobic and do not absorb or transfer any water, and this property
was also reflected in the analysis of the bricks containing the LDPE. The water absorption also
decreased with an increase in the CNT dosage. CNTs act as a nanofiller and occupy voids
within a composite which reduces their porosity. Li et al., reported similar findings where a

high CNT dosage gave less water absorption of a fly ash [48].

The deformation due to water absorption was calculated as a ratio of the change in length
over the initial length and is expressed in units called microstrains (u-€) [36]. Figure 5.13 b)
illustrates the strain variation during water absorption. The deformation was reduced when
the CNT loading was increased. This was attributed to the improvement in the microstructure
of the bricks which reduced their deformation due to water absorption. There was significant
deformation (change in length) of the bricks for the first 8 days. After this they started to
stabilize and thereafter a similar trend was observed for water absorption. The trendlines
suggests the maximum strain value was approximately 260 microstrains for the control (0
wt.% CNTs) bricks. A value of 200 microstrains is typically found for clay bricks, while the
values range between 200 and 400 microstrains for concrete [36]. This showed that all the

bricks were within the acceptable strain values.
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Figure 5.13: a) mass variation during water absorption and b) deformation due to water
absorption of bricks

5.3.8 Current study and comparative literature data

Table 5.4 shows comparative data where CNTs were used to reinforce construction
composites. It must be noted that the reported data is for cement/ geopolymer mortars not
for building bricks as is in this study. There was no literature found where CNTs were used in
building bricks. However, a similar trend was observed where the inclusion of CNTs at low
dosages improved the compressive strength. This was attributed to improvements in the
microstructure which resulted in densified and compacted composites. Even though most of
these studies did not report on the density but Chiapanchi et al., similar to this study,
observed an increase in density with an increase in CNT dosage [24]. Higher CNT dosages of
up to 5 wt. % were used [49] and a reduction in compressive strength beyond 1 wt. % was
recorded. This was as a result of agglomeration at higher dosages. Some of these studies used
unfunctionalized CNTs and reported poor dispersion as well as insignificant strength
development. Further, some mortars were cured beyond 28 days (up to 60 and 90 days) and
more strength development was observed. It was not the case for this study, as the LDPE
(used as a binder) has a higher settling rate than cement and as early as day 14, significant

strength development was attained.
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Table 5.5: Studies on CNT-reinforced composites

Mix ingredients Application  CNT Dispersion  Max. Compressive Density  Ref
dosage method days strength (kg/m?3)
(wt.%) aged (MPa)
Cement, water, Cement 0 - 28 29 - [50]
course& fine mortar 0.01 31
aggregate, 0.02 33
superplasticizer 0.3 35
CFA, cement, Geopolymer 0 - 28 34 - (49]
NaOH, Na,O mortar 1 37
water 2 25
3 20
4 17
5
Cement, water, Cement 0 Acid 28 62 - [51]
superplasticizer mortar 0.125 treatment 65
0.25 & 71
0.5 sonication 62
CFA, cement, Geopolymer 0 - 60 50 2190 [24]
water mortar 0.5 54 2290
1 55 2290
CFA, cement, Geopolymer 0 Acid 28 45 - [48]
water mortar 0.05 treatment 48
0.1 & SDS 55
0.15 dispersant 46
Cement, clay, Cement 0 - 90 79 - [23]
water, mortar 0.02 82
superplasticizer 0.05 102
0.1 104
CFA, LDPE Bricks 0 Acid 28 12 1547 Current
0.01 treatment 17 1579 work
0.05 22 1587
0.5 25 1596

5.4 Conclusion

The effect of MWCNTSs dosage (0.01, 0.05 and 0.1 wt.%) on the properties of the waste (coal

ash and LDPE plastic) derived bricks was studied. The properties measured were the

mechanical and tensile strength, density, microstructure, water absorption and deformation.

The MWCNTs were functionalized through acid treatment for better dispersion within the

composite. The mechanical strength development upon curing time (28 days) was studied

and it was observed that CFA bricks had a higher strength compared to the CBA bricks. CFA
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bricks were thus used to study the effect of MWCNTSs on the bricks. The optimum curing time
was found to be 14 days and beyond that no significant strength development was observed.
This showed that the bricks, due the presence of LDPE polymer - which has a faster setting
rate- had a shorter curing time compared to the conventional bricks. Consequently, all the
tests were performed on 14 days cured bricks. The mechanical strength (compressive and
split tensile) improved when the CNT dosage was above 0-0.1 wt.%. The compressive and split
tensile strengths were above the required standard of 4 MPa and 1.2 MPa respectively for all
the bricks. It was observed that at higher CNT dosage (0.05 and 0.1 wt.%) the microcrack
propagation was inhibited by crack deflection. This was attributed to improvements with the
microstructure of the composites which showed CNTs fill the voids as well as introduce a
bridging effect which reinforced the bricks. The composites were densified at higher CNT
dosages. However, at 0.1 wt.% mechanical strength measurements gave variable results. This
was due to the CNT agglomeration at the higher dosages which resulted in inhomogeneous
composites mixes. The developed bricks had a low water absorption due to the presence of
the LDPE polymer which is hydrophobic. The water absorption was further reduced when the
CNT loading was increased, as a result of the formation of more densified bricks which
indicated reduced porosity. Lastly, the deformation due to water absorption (reported as
strain) reduced with an increase in CNT dosage. However, all the bricks had strain values
comparable to the conventional bricks (200 and 200-400 microstrain for clay and concrete
bricks respectively). The CNT/waste-derived bricks show great potential in application as

sustainable alternatives to building bricks.
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CHAPTER 6

DURABILITY OF WASTE-DERIVED CARBON NANOTUBE REINFORCED BRICKS

6. Introduction

The durability of building bricks is an important measure of their sustainability and
applicability. The term refers to the amount of time a brick can maintain its integrity when
used in construction [1]. The durability of the bricks can be affected by many factors such as
their quality and their environmental exposure. Pollutants and contaminants that can
deteriorate bricks in the environment include carbon dioxide, nitrate, nitrite, ammonia, salts
and particulate matter [2]. Chemicals such as acids and sulphates may also attack a building
made of bricks and corrode the building structure. In ground water, sources of sulphuric acid
can arise due to the oxidation of sulphide minerals such as marcasite and pyrites [3]. Chemical
attack tests are thus undertaken to ascertain the durability of bricks in acidic (and basic)

media.

Water may enter the bricks from the ground, by condensation, by rain entry through the
cracks or by surface absorption. Cracks are the principal means by which water enters the
bricks and its effect can be significant. The water that enters the bricks may contain chemicals
such as salts; salts may also be present after the water has evaporated from the bricks [4].
When water evaporates, the salt deposited on the surface of the brick is called efflorescence.
Efflorescence is more of an aesthetic problem rather than a durability one. However, it can
be an indication of cryptoflorescence, which is the evaporation of water with salt within the

brick, which can be destructive [5].

The excessive costs related to repairing and rehabilitating infrastructure is detrimental for a
country’s infrastructure and economy, especially for developing economies like South Africa.
It affects the construction of facilities such as hospitals, schools and homes. Thus, it is crucial

to establish methods that can ensure that the structures built are durable.

Three durability index (DI) tests for concrete materials have been developed by South African
researchers [6]. These have been in use for more than 20 years for the determination of

concrete reproducibility, and repeatability [6]. The DI tests include oxygen permeability (gas
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diffusion), chloride conductivity (ion diffusion) and water sorptivity [7]. Each test evaluates a
different characteristic of fluids or ions as they move through the concrete's top layer. The
concrete's ability to remain durable is determined by how exposed the concrete is to various
transport mechanisms, which control how quickly the concrete can deteriorate [8]. The tests
have shown to be sensitive to characteristics of concrete construction that are relevant to
durability. These factors include the materials, their compaction and curing. For example, the
chloride conductivity index (CCl) is used to estimate chloride infiltration, while the oxygen
permeability index (OPIl) is a prediction technique for evaluating carbonation depths in

structures [9].

The DI tests were used to determine the durability of the bricks made in this study. They were
compared to data for concrete, since there are no durability index tests available for waste
derived bricks. The results obtained will provide an understanding of the sustainability of

using waste in bricks over a long term.

6.1 Method

6.1.1 Preparation of test specimens

The method used was adopted from the 2018 Durability Index Testing Procedure Manual [10].
Figure 6.1 shows a coring drill coupled to a water-cooled diamond-tipped core barrel with a
nominal internal diameter of 70 mm. A disc specimen was cored within the brick. After coring,
the specimen was kept at room temperature for a maximum of 3 days before cutting. Then
the specimen was cut using a diamond cutter to remove the excess material from the brick to
achieve the desired dimensions. Typically, 5 mm was removed from the surface of the core
and a thickness of 30 + 2 mm of the test specimen was cut from the core. For the purpose of
conducting durability tests, the specimens were kept in an oven at 50 £ 2°C for a minimum of

7 days and a maximum of 8 days.
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Figure 6.1: a) water-cooled diamond-tipped core barrel, b) water-cooled diamond cutter and
c) cored specimen

6.1.2 Tests on brick specimens

6.1.2.1 Oxygen permeation index

The specimens were removed from the oven after drying and immediately placed in the
desiccator and allowed to cool for 2 h. Then, their thickness and diameter were measured
using a Vernier calliper accurate to 0.02 mm at 4 equal points around the perimeter of the
specimen and an average of the readings was taken. With the exterior (test) face at the
bottom, the specimen was positioned into the rigid sleeve and secured in the compressible
collar (Figure 6.2). There were no obvious spaces between the test specimen's sides and the

collar.
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Figure 6.2: Specimen assembly parts for the permeability cell [10]

The sample, collar and rigid sleeve were placed in the permeability cell to cover the hole
(Figure 6.3). The specimen was centred and tightened to ensure no gas leaked. The oxygen
outlet was opened at a pressure between 100 -120 KPa for 5 sec to purge the test chamber.
The permeability cell's outflow valve was closed. Next, the inflow valve was closed and the
pressure was raised to 100 + 5 kPa. Testing was stopped when the observed pressure drop

reached 50 * 2.5 kPa.
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(c)

Figure 6.3: a) Permeameter setup, (b) a close-up of specimen assembly, and (c) cell without
specimen assembly [10]

6.1.2.2 Water sorptivity and porosity test

One day prior to testing, a solution of calcium hydroxide (3 grams of Ca(OH); per litre of water)
was made and kept at 23 + 2°C. Before being tested, the specimens were removed from the
oven and allowed to cool in a desiccator. Using a Vernier calliper, their thickness and diameter
were measured at four different locations around the perimeter and recorded to the nearest
0.02 mm. An average was then calculated. A piece of tape was used to seal the curved edges,
and the dry mass was measured. The Ca(OH); solution was poured into a tray containing the
specimens after it had been stacked with ten layers of paper towels. Two millimetres of the
specimen were submerged in the solution to cover the bottom (Figure 6.4). After patting the
specimens with a paper towel to remove excess solution, the specimens were weighed at 3,
5,7,9, 12, 16, 20, and 25 minutes. Following the process of weighing, the samples were

subjected to a saturated vacuum of -75 to -80 kPa for a duration of 3 h 15 min. After that, the
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Ca(OH); solution was let to circulate inside the chamber, and the pressure was restored for

an hour. After the specimens had been in the solution for 18 h, the pressure was finally

removed, and they were weighed.

Figure 6.4: Sorptivity tray with specimens and Ca(OH): solution

The amount of water or solution that penetrated the bricks was measured and used to
calculate the water absorption and sorptivity of the bricks using the equations below. The

values obtained gave an understanding of the durability of the bricks.

The porosity of the specimens was calculated using the following equation [6.1] [11]:

— Msy—Mso
Adpw

where:

M,y is the vacuum saturated mass of the specimen in grams

Mso is the mass of the specimen at time to (start of the test) in grams

A is the cross-sectional area of the specimen in mm?

d is the average specimen thickness to the nearest 0.02 mm, in millimetres

pw is the density of water in g/mm3

Sorptivity was calculated using the following equation [6.2] [11]:
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where:

F is the slope of the best fit line in gram per square root of hour.

6.1.2.3 Chloride conductivity test

A 5 M solution of sodium chloride (NaCl) (2.93 kg in 10 L water) was made and kept at 23 + 2
°C for a minimum of one day. Before being tested, the specimens were removed from the
oven and allowed to cool in a desiccator. The specimens' dry mass was calculated and noted.
The specimens were then placed in a saturated vacuum, and the procedures for water
absorption were repeated with the exception of the NaCl solution. The plastic tubes (Luggin
capillaries) were fitted with the specimens and then filled with a 5M NaCl solution. The anode
and cathode parts of the cell were screwed into the central section. Finally, the voltmeter and
ammeter were linked, and the DC power supply was adjusted until the capillary voltage (the
voltage delivered across the specimen) was roughly 10 V (Figure 6.5). The ammeter and

voltmeter were used to record the current and voltage readings simultaneously.

Luggin with specimen &
NacCl solution

Figure 6.5: Chloride conductivity test setup

Chloride conductivity was calculated using the following equation [6.3] [12]:
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where:

o is the chloride conductivity of the specimen (mS/cm)
i is the electric current (mA)

d is the average thickness of specimen (cm)

V is the voltage difference (V)

A is the cross-sectional area of the specimen (cm?)

Porosity was calculated using the following equation [6.4] [12]:

where:

n is the porosity as a fraction of the volume of the specimen that is occupied with the
solution, as a percentage (%).

M is the vacuum saturated mass of the specimen to in grams (g).

Mg is the mass of the dry specimen in grams (g).

A is the cross-sectional area of the specimen in (mm?).

d is the average specimen thickness in mm.

ps is the density of salt solution (g/mm3).

6.1.2.4 Thermal deformation

The bricks were placed in a furnace for varied temperatures and times. Compressive strength
tests were performed on the bricks. Further, they were observed to detect any deformities

and length changes and to determine their coefficient of linear expansion.

The coefficient of thermal expansion was calculated using the equation [6.5] below [13]:
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a is the coefficient of thermal expansion (K?)
AL is the change in length (m)
L is the length (m)

AT is the change in temperature (K)

6.1.2.5 Chemical attack

Different specimens were immersed in i) a 5% sulfuric acid solution, or ii) a 5% sodium
sulphate solution, for 28 days and the physical changes and the compressive strengths

recorded.

Corrosion resistance was calculated using the following equation [6.6] [14] :

CR = == X 100ttt s s s b s b s s b [6.6]

where:
CR is the corrosion resistance
S, is the compressive strength of the bricks immersed in acid, MPa

Sn is the compressive strength of bricks cured normally, MPa.

6.1.2.6 Efflorescence

Brick samples were immersed in tap water for 7 days according to the ASTM C67 method and
observed for efflorescence after the water was evaporated [15]. The specimens, in which no
difference was observed, were regarded as not-effloresced and those in which a difference

was observed, regarded as effloresced.
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6.2 Results and discussion

6.2.1 Oxygen permeability

Using a 70 mm diameter and 30 mm thick core that had been oven-dried at 50 °C and put
inside a falling head gas permeameter, this technique assessed the pressure decay of oxygen.
The OPI test assesses a cast composite's external surface's overall micro- and macrostructure
[14]. The matrix's intrinsic structure determines permeability. It is particularly sensitive to
cracks and macro-voids that serve as short-circuits for the penetrating gas. Consequently, the
test is useful in identifying the level of interconnectivity of the pore structure, the existence

of bleed gaps and channels, and the compaction state [16].

Figure 6.6 shows the OPI of bricks with a 0.05 and 0.1 wt.% CNT loading. The oxygen
permeability test failed for the control and the 0.01 wt.% CNT bricks because these bricks
were very porous (refer to Chapter 5). The OPI that was obtained was 10.2 and 9.1 (log scale)
for 0.05 and 0.1 wt.% CNT loading respectively. The OPI values for cast concrete commonly
range from 8.5 to 10.5 (on a log scale), with higher values indicating concrete of higher
impermeability and potential of a higher quality [17]. It must be noted that the specimens
were building bricks, which require a degree of permeability for binding with mortar unlike
cast concrete. The 0.05 wt.% bricks had a higher OPI indicating a higher degree of
impermeability than the 0.1 wt.% bricks. This was because of the densified microstructure
due to the good dispersion of CNTs which filled the pores as compared to the 0.1 wt.% sample
where the CNTs started to agglomerate and created voids (see section 5.3.5). However, the
0.05 wt.% bricks still had an acceptable OPl and can be regarded as durable. Furthermore, the
bricks used contained fly ash which is also known to fill voids due to their spherical shape [8].
It has been reported that the incorporation of fly ash in concrete mixes improves the
microstructure of composites and in polymers it fills the voids created during heating and
melting [8]. In a study of geopolymer composites with fly ash, the OPI was found to be in the
range of 9.5 log scale. Other composites of different mixes tested poorly in the OPI tests. This
was attributed to the low rate of fly ash dissolution, resulting in low geopolymerization. As a

result, a less dense binder of low strength was formed with poor durability index results [7].
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Figure 6.6: Oxygen permeability index of bricks containing varied amounts of CNTs

6.2.2 Water sorptivity and porosity

Sorptivity is the rate at which a porous material is penetrated by a wetting front under the
influence of capillary forces. The pore geometry, including the orientation and connectivity,
has an impact on this rate. The best bricks have a lower sorptivity value, which implies greater
resistance to moisture infiltration [18]. Thus, bricks with a high-water absorption capacity are
less durable. Porosity is not typically considered directly as a separate durability-related
parameter; however, it has a great influence on the sorptivity of materials [19]. Figure 6.7 a)
shows the water sorptivity index (WSI) of the bricks at different CNT dosages. It was observed
that as the CNT dosage increased, the WSI decreased. This indicated an improvement in the
durability, and thus, the quality of the bricks. The WSI decreased from 10.9 to 7.3 mm/vh on
the addition of a 0.05 wt.% CNT dosage. However, the WSI increased for the 0.1 wt.% CNT
bricks to 9.4 mm/Vh. This was due to the agglomeration of CNTs at higher dosages which
negatively affected the microstructure of the bricks. The control and the 0.1 wt.% had a higher
error bar which could be attributed to an inhomogeneous matrix. According to the
classification developed by Alexender for concrete materials, excellent concrete has a WSI of
< 6 mm/vh, while good concrete values fall between 6 - 10 mm/Vh. A value of 10 - 15 mm/vh
is regarded as being associated with poor concrete and > 15 mm/vh is associated with very

poorly constructed concrete [17]. This above values for concrete were used to give a measure
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of the durability of the waste derived bricks. It was only the 0.05 wt.% bricks that can be
regarded within the “good” classification, with the other bricks classified as ‘poor’ when
correlated with values for concrete. However, it should be noted that, bricks do not require
the level of compactness and resistance to moisture infiltration as does concrete. However,
bricks with a high intolerance to moisture infiltration can be used as a measure for evaluating

foundational brick structures.

Figure 6.7 b) and Table 6.1 show the average porosity of bricks at different CNT dosages after
28 days of curing. The porosity of the bricks decreased with an increase in CNT dosage from
5.19 %, to 3 % to 2.04 % for the 0, 0.01 and 0.05 wt.% CNT bricks respectively. This was due
to the densified microstructure of the bricks upon the inclusion of CNTs, resulting in bricks
that were less porous. This was a proportional relationship to sorptivity. However, similar to
sorptivity, at 0.1 wt.% CNT dosages, the porosity increased to 2.43 % due to increased micro
voids as a result of CNT agglomeration. A concrete is classified as excellent-good when the
porosity is <10%, good-poor at 12%, and poor when it is >12%. According to the classification,
the bricks were excellent-good [17]. The measure of porosity is an important measure as
bricks lose moisture during the day (at high temperature) and reabsorb moisture at night
(lower temperature). This phenomenon assists in maintaining the structure in terms of
humidity and temperature. However, very porous bricks are susceptible to chemical attack

and weathering. Thus, the performance of bricks is significantly affected by their porosity.

Water sorptivity index (mm/vh)

Control 0.01 CNTs 0.05 CNTs 0.1 CNTs Control 0.01 CNTs 0.05 CNTs 0.1 CNTs
CNT dosage CNT dosage

Figure 6.7: a) Water sorptivity index and b) porosity of bricks at various CNT dosages
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Table 6.1: Porosity measurement of bricks

Material Average Area Average Density of Porosity
(Msy-Mso) (mm?) thickness water %
(g) (mm) (g/mm?)
Control 0.0062 38.5 3.1 0.001 5.19
0.01 wt.% CNT 0.0037 38.5 3.2 0.001 3.00
0.05 wt.% CNT 0.0025 38.5 3.1 0.001 2.09
0.1 wt.% CNT 0.0030 38.5 3.2 0.001 2.43

6.2.3 Chloride conductivity

The concrete’s resistivity to chloride intrusion is indicated by the chloride conductivity index
(CCl). A lower resistance to chloride infiltration is indicated by a higher CCl value [20].
Concrete with a chloride conductivity of <0.75 mS/cm is regarded as excellent, 0.75-1.5
mS/cm as good, 1.5-2.5 mS/cm as poor and >2.5 mS/cm as very poor [21]. Figure 6.8 shows
the chloride conductivity index of bricks at varied CNT dosages. The chloride conductivity of
the bricks was reduced with an increase in CNT dosage, from 1.43 mS/cm for the control brick
to 1.12 mS/cm, 0.88 and 0.78 mS/cm for the 0.01, 0.05 and 0.1 wt.% CNT dosed bricks,
respectively. The reduction in CCl indicated an improved resistance to chloride ingress and
thus durability. All the bricks fell within the “good” category, even though the CNT bricks
exhibited improvements in chloride penetration. This was attributed to the improved
microstructure of the bricks with CNTs. In a study testing geopolymers with different mixing
ratios, geopolymers with optimum compressive strength were chosen due to their likelihood
to have higher durability. The mixtures were 70—80 MPa high strength geopolymer concretes.
There was no distinct pattern in the CCl values throughout the investigation. However,
majority of the results fell within the poor durability category with values of >1.5 mS/cm [22].
The authors acknowledged that the durability index methods are mainly used for cement
concretes. As such, the behaviour of the fly ash geopolymer concretes under CCl testing have
not been fully understood. They concluded that since the CCl test is an electrical conductivity
method, it is likely to be influenced by the solution ion fluxes which are very different in
geopolymer concretes, as opposed to the Portland cement concretes [22]. Similarly, in this

study, fly ash was used as an aggregate in the polymer bricks and their influence in durability
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indexes as well as that of CNTs which are known to be conductive is not fully understood.
Panagiota et al., [23] investigated the effect of CNTs on chloride penetration in cement
mortars using a rapid chloride penetration test (RCPT). This was not a durability index test,
however similar in that electric charge was allowed to pass through the nano-modified
mortars to test their resistance to chloride ion penetration. It was found that all samples
exhibited high chloride ion penetrability. Furthermore, the charge passed through the plain
specimens was almost matching that passed through the nano-modified mortars. This finding
suggested an insignificant effect of CNTs in the mortar [23]. Thus, more studies need to be
undertaken to fully understand the effect of fly ash and CNTs particularly on chloride

conductivity index as a measure of durability of building bricks.
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Figure 6.8: Chloride conductivity index of bricks with varied CNT dosages

6.2.4 Thermal resistance

The behaviour of structures during fire incidents can be better understood with the use of
thermal analysis. The two most important parameters affecting thermal stability are density
and porosity [24]. All materials expand and contract with changes in temperature [25]. Thus,
knowledge of the thermal stability of materials is important, especially when plastic is used

as a filler, which is known to have a high linear burning rate. The thermal tests were
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performed for the control and the optimum CNT dosage of 0.05 wt.%, to study the effect of
CNTs on the thermal stability of the bricks. Figures 6.9 and 6.10 show pictures of the control
bricks and the 0.05 wt.% CNT bricks respectively after exposure to varied temperature (120,
220 and 320 °C) for 1 h. The bricks with and without CNTs were able to withstand a
temperature of 120 °C without suffering structural deformation. This signified enhanced
thermal stability as LDPE starts to melt at 105 - 115 °C [26]. It was evident that the coal fly ash
aggregate caused the bricks to withstand temperatures that plastics alone could not stand.
However, as the temperature increased to 220 °C the control bricks started to suffer structural
deformities which were observed as uneven surfaces (bubbles) caused by the melting plastic.
Furthermore, cracks were observed and the bricks started changing colour from grey to

brown, which exhibited their burning.

It has been previously observed that the structural integrity of the bricks containing plastic
holds very well up to 180 °C [14]. In that study the plastic bricks were made with sand as an
aggregate. It was found that higher loadings of sand improved the thermal resistance of the
bricks, due to the high thermal resistance of the sand [14]. Similar observations were made
by Solomon et al., by examining thermal-resistance properties of plastic bricks every 30 mins.
The bricks were made with sand and it was observed that high dense bricks showed higher
thermal insulation and acoustic properties. The bricks were able to retain their structural
integrity up to 180 °C, beyond that, the bricks weakened and fissures appeared. Thus, it was

recommended that plastic bricks should not be used in fire susceptible regions [24].

In this study, temperatures of up to 320 °C were employed to study the effect of CNTs on the
thermal stability of the bricks. It was observed that the structural integrity of the bricks was
maintained for the 0.05 wt.% CNT bricks up to 220 °C. However, the colour of the bricks
started changing from grey to brown. At 320 °C, the control bricks suffered structural
disintegration with more uneven surfaces and bubbles being formed from the melted plastic.
Cracks were also observed and a change in colour signified the loss of thermal stability of the
brick. The 0.05 wt.% CNT brick showed cracks at 320 °C and exhibited a loss in structural
integrity. However, the CNTs were able to stabilize the plastic within the brick and the bubbles

were not as evident on the surfaces of the bricks as observed with the control bricks.
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Figure 6.10: 0.05 wt.% CNT bricks after thermal exposure a) 120 °C, b) 220 °C, and c) 320 °C

The coefficient of linear expansion of the bricks (this measures the change in length at a
specific temperature) was higher for the control bricks for all the different temperatures
(Table 6.2). The control bricks had the highest coefficient of linear expansion of 9.7x10%at 120
°C (393.15 K), while the 0.01, 0.05 and 0.1 wt.% CNT bricks had a coefficient of linear
expansion of 6x10°K?, 2.4x10° K and 3.6x10® Klat the same temperature respectively. The
introduction of CNTs reduced the coefficient of linear expansion due to the improvements in
the microstructure of the bricks as well as the thermal stability properties of CNTs and CFA.
The 0.05 wt.% had the lowest change in length at different temperatures due to the
compactness of the bricks as a result of well dispersed CNTs (see Chapter 5). The coefficient
of linear expansion of the developed bricks was lower than that of concrete, which ranges

between 10 and 14 x 10 K%, and clay bricks, which range between 4 and 12 x 10° K [27].
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Table 6.2: Linear expansion of bricks

Sample ID. Initial length Change in length  Change in Linear expansion
(mm) (mm) Temperature (K1)
(K)
Control 223 0.8 369.15 9.7x10°®
0.01 223 0.5 369.15 6.0x10°®
0.05 224 0.2 369.15 2.4x10°
0.1 224 0.3 369.15 3.6x10°
Control 223 1.0 469.15 9.6x10°
0.01 223 0.6 469.15 5.7x10°®
0.05 224 0.3 469.15 2.9x10°®
0.1 223 0.3 469.15 2.9x10°®
Control 223 1.1 569.15 8.7x10°®
0.01 223 0.7 569.15 5.5x10°
0.05 225 0.5 569.15 3.9x10°
0.1 224 0.6 569.15 4.7x10°

6.2.5 Compressive strength after thermal exposure

Figure 6.11 shows the compressive strength of the control and 0.05 wt.% bricks after thermal
exposure of 120, 220 and 320 °C. It was observed that the compressive strength decreased
with an increase in temperature. This was due to the loss of structural integrity and the
deterioration of the bricks upon high temperatures as shown in Figure 6.9 and 6.10. The
compressive strength of the control bricks was 6.8, 5.2 and 3.2 MPa after thermal exposure
to 120, 220 and 320 °C respectively. This was a significant loss in compressive strength from
11.9 MPa. The compressive strength of the 0.05 wt.% CNTs bricks was 19.4, 15.9 and 8.3 MPa
after exposure to temperatures of 120, 220 and 320 °C respectively. The loss in compressive
strength of the CNT-enhanced bricks was lower than that of the control bricks. This was
attributed to the high thermal resistance properties of CNTs. Furthermore, the CNTs resulted
in @ compact structure which restricted the expansion and contraction of the bricks which
usually results in cracks and weak spots. All the bricks, except the control brick at 320 °C (3.2
MPa), were within the recommended compressive strength for on-site buildings which
requires a strength of 4 MPa. Similarly, Ayden et al., [28] studied the behaviour of cement
bricks incorporated with RESIN8 (concrete additive made from waste plastic) subjected to fire
conditions for an hour. The plastic replacement ratio was 0 - 50 wt.% at up to 420 °C. It was
found that high plastic replacement ratios resulted in high smoke production, high mass loss
and the disintegration of the bricks to form a black char surface. Significant material loss was

observed in the 40% and 50% samples. Thus, it was recommended for safe buildings that will
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ensure safe evacuation in case of fire, the optimum replacement ratio was set to be 5 - 10

wt.% [28].

[ Room temp [ Room temp
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Compressive strength (MPa)

Control 0.05 CNTs Control 0.05 CNTs
CNT dosage CNT dosage
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Compressive strength (MPa)
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CNT dosage

Figure 6.11: Compressive strength of bricks after thermal exposure

6.2.6 Chemical attack

The chemical attack tests (acid/base) were performed on control bricks and the 0.05 wt.%
CNT bricks. To measure the chemical resistance of the bricks, compressive strength tests were
performed on bricks exposed and not exposed to the chemicals (Table 6.3). Figure 6.12 shows
the compressive strength of the bricks prior to, and after, chemical exposure. The
compressive strength of the bricks was reduced upon chemical exposure due to the reduced

microstructural integrity.
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The acid resistance was 0.71% and 0.93% for the control and 0.05 wt.% CNT bricks
respectively. In contrast, the base resistance was 0.81% and 0.97% for the control and 0.05
wt.% bricks respectively. The bricks showed more resistance to base attack than the acid
attack. It has been reported that acidic conditions tend to show a larger strength reduction
and higher increase in weight compared to tests in alkaline medium [29]. This is because
sulfuric acid reacts to extracts Al,Os from the fly ash which weakens the bricks. Since, Al;03 is
a major constituent in fly ash (28.5%) (see Chapter 4), it results in a loss of strength of the
bricks. In a study with fly ash and bottom ash incorporated clay bricks the corrosion resistance

was found to be 0.8% and 0.77% under acidic and alkaline conditions respectively [29].

The CNT bricks were more resistant to the chemical attack than the control bricks. This was
due to the improved microstructure of the CNT bricks. The reduced porosity limited the free
movement of the chemicals within the structure of the brick. Similarly, other researchers have
found that the performance of carbon nanomaterials such as CNTs, carbon nanofibers and
graphene-enhanced composites reduce the transport of aggressive ions and harmful agents
[30]. In another study, it was observed that the incorporation of 0.04 wt.% GO improved
resistance to acid attack by enhancing both hydration and the microstructure of cement
composites [3]. Wang et al., reported that an increase in MWCNTSs loading increased chemical
resistance to sulphate attack in concrete composites up to 0.1 wt.%. At higher dosages
agglomeration occurred that led to weak bonds being formed with the hydration products.
At a dosage of 0.05 wt.% (similar to the one used in this study) the authors found the sulphate
resistance to be 0.98% after 50 days [31]. This is comparable to the data (0.97%) obtained in

this study after 28 days of exposure.

Table 6.3: Chemical resistance of bricks

Sample ID Compressive Compressive Chemical Compressive Chemical
strength strength in acid resistance strength in resistance
(normal) MPa base base acid
MPa % MPa %

Control 11.9 8.4 0.71 9.6 0.81

0.05 wt.% CNT 22.4 20.7 0.93 21.9 0.97
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Figure 6.12: Compressive strength of bricks after chemical attack

6.2.7 Efflorescence

The dissolution of inorganic salts from waste materials like coal ash results in the formation
of efflorescence or visible deposits which reduces the aesthetic quality of the building
material [28]. It occurs most readily in porous concrete, near the concrete surface.
Efflorescence is categorized as nil when no efflorescence is observed, slight if not more that
10% of an area is covered with a thin deposit of salt, moderate when 50% of the brick is
covered, heavy when more than 50% area is covered and serious when there is heavy covering

of salts together with powdering/ flaking of the brick [28].

The appearance of bricks before and after the efflorescence test showed that there were
slight patches of white residue on all the bricks, as shown in Figure 6.13. The oxide that plays
a key role in efflorescence is calcium oxide (Ca0O); while calcium carbonate (CaCOs) can also
be formed. In making the bricks, 85% of the material used was coal fly ash which had CaO at
a concentration of 7.06% (see section 4.2.1.1). The CaO content from the coal fly ash could
contribute to the minor efflorescence observed in the manufactured bricks. Subashi et al.
used ceramic sludge with an 8.11% CaO content to manufacture bricks and no efflorescence
was observed [32]. In another study tannery sludge, whose CaO content was 7.61 %, and with
a binder material containing 50 % of fly ash (3.47 % of CaO), showed no significant
efflorescence [33]. The minor patches observed in the bricks developed in this study are thus

negligible and did not appear to have a negative structural or durability effect.
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Figure 6.13: Control, 0.01, 0.05 and 0.1 wt.% CNT bricks before and after efflorescence tests

6.2.8 Research gaps in durability tests for waste-bricks

Significant literature for durability indexes was obtained for concrete rather than bricks which
was the focus of the study. This is especially for oxygen permeability and chloride conductivity
indexes. Typical durability tests that are usually performed on bricks are water absorption,
efflorescence, chemical attack and mechanical strength [34]. These were reported in this
study, and due to the use of unconventional materials (such as waste plastic as a binder rather
than cement and CNTs as a reinforcement filler), more durability tests usually used to test
concrete were undertaken. This was to expand understanding of the properties of the bricks
especially since they possessed higher strength compared to conventional bricks. Bricks are
not usually subjected to extensive durability tests as concrete due to their different
applications. Concrete is required to be more resilient than bricks and be able to withstand
more load in building and construction applications. However, similarities can be drawn in the
type of raw materials used in both. There has been a growing trend in using waste materials
such as fly ash, plastic, broken glasses, waste rubbles etc., in the developed of both concrete
and bricks [35—38]. Thus, the durability indexes developed for concrete can find application
in building bricks. However, requirement standards must be developed for bricks as they are

not the same as for concrete.

6.3 Conclusion

The durability indexes and tests performed showed the effect CNTs on the bricks made in this
study. It was observed that the CNT-enhanced bricks outperformed the control bricks. This is
proposed to be due to an improved microstructure which made the bricks denser and less

susceptible to losses in structural integrity. The control and 0.01 wt.% CNT bricks failed the
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OPI test due to their low density and high porosity. In the WSI test, it was only the 0.05 wt.%
bricks that fell within the “good” classification while the other bricks were in the “poor”
classification. However, a level of water absorption is required for bricks, unlike cement
concrete, in order to allow for binding with mortar during construction. All the bricks fell
within the good category for the CCl test, albeit the CNT-enhanced bricks performed better
than the control bricks. The thermal resistance tests showed that even in the presence of the
plastic, which is highly flammable, that the bricks had acceptable properties. The control
bricks started losing their structural integrity and strength at 220 °C. In contrast, the CNT
bricks only became compromised at 320 °C. Furthermore, the CNT bricks showed more
resistance to chemical attack in both acidic and basic media. However, the acidic medium
resulted in more loss of compressive strength because sulfuric acid reacted to extract Al,03
from the fly ash which weakened the bricks. Lastly, all the bricks exhibited some
efflorescence, which had no effect on the structural or durability tests. The results obtained
in this study shows the significance of adding CNTs in waste-derived bricks in improving their

durability and thus sustainability.
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CHAPTER 7

ENVIRONMENTAL AND ECONOMIC SUSTAINABILITY OF CARBON NANOTUBE-REINFORCED
BRICKS

7. Introduction

The construction industry plays a critical role in the sustainable development of many
economies. It is a large-volume industry; thus, its environmental and economic impact is
significant [1]. Building materials such as wood, reclaimed metal, natural stones and concrete
bricks have been used to build structures [2]. However, bricks are still the most commonly
used material. The traditional concrete bricks utilize Portland Cement (PC), which in its
production emits large volumes of carbon dioxide (CO;) [3]. The gas is known to be an
environmental and health risk contributor. CO; impacts climate change and it directly affects
crop production, food security, and human livelihood [4]. In recent years, there has been
progress in developing alternative green building materials either from repurposing waste or
using natural raw materials in an attempt to reduce CO; production [5]. Waste by-products
such as coal ash and rice husk ash have been used as alternative alkali-activated binders in
the construction industry [6]. This is to avoid the environmental impact associated with

conventional binders (i.e. PC) in the development of bricks.

The utilization of coal fly ash (CFA) in the development of bricks is not without challenges.
Although CFA is not classified as a hazardous waste, it contains some heavy metals (i.e. lead,
arsenic, cadmium, copper) which may be toxic and pose a threat to health, if they leach into
the environment in high enough concentrations [7]. The level of heavy metals present in CFA
differs from each combustion thermal plant where it was produced. The heavy metals in CFA
are normally found in trace levels (ppm) [8]. However, their quantification and leaching

behaviour must be understood for their safe application.

The leaching of heavy metals in CFA found in bricks may infiltrate the soil and underground
water used for irrigation purposes. This may pose threats to human beings and animals
exposed to contaminated water and crops [9]. Some of the heavy metals at certain levels may
be toxic to aquatic organisms, thus the leaching of heavy metals in CFA must be below set

exposure levels.
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The leaching of heavy metals is dependent on various factors such as pH, particle size,
solid/liquid ratio and leaching time [10]. Consequently, the application of CFA bricks must be
in areas that will not increase the leachability of heavy metals. It has been reported that in
applications that rely on the pozzolanic properties of CFA, leaching of metals is unlikely since

they are immobilized by the cement matrix [11].

With the aim to improve the properties of bricks for various applications, nanomaterials such
as carbon nanotubes (CNTs) have been incorporated as reinforcement fillers. This has
resulted in bricks with superior strength, thermal stability, lower water absorption and
increased durability [12]. However, the potential leaching of CNTs from their application
products has been a concern for several researchers. Thus, studies have investigated the
potential health effects of CNTs and their toxicity [13]. Compared to micron-size carbon
particles, the nano-size particles of CNTs have been found to pose respiratory health hazards
upon inhalation [14]. However, engineered nanomaterials (ENMs) such as CNTs have been
found to have a higher possibility of being released during their synthesis as opposed to their
use in application products. This is because they are bound to the matrix of the composite

and unlikely to leach to the environment [15].

The economic sustainability of building materials has a direct impact on the growth and
advancement of a country. It informs the affordability and quality of the materials chosen for
construction. Waste-derived bricks have become competitors of the conventional bricks in
terms of their affordability, low carbon footprint, preservation of natural resources, reduced
water usage, energy efficiency and their contribution towards a circular economy [16].
Affordable housing in sustainable development is mostly dependent on the cost of bricks. If
the cost is reasonable, stakeholders will be more receptive to the adoption of alternate bricks.
In this study, the environmental sustainability of a series of waste bricks was studied to (i)
assess their environmental and economic sustainability in comparison to the conventional
bricks and (ii) their ecotoxicity using Daphnia magna (D. magna) and Raphidocelis subcapitata

(R. subcapitata) as test species.
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7.1 Methodology

7.1.1 Sample preparation and leachate analysis

To simulate various environments, the metals (from the CFA) and CNTs in brick samples were
leached in neutral, acidic and basic medium solutions to investigate their ecotoxicity in
microalga (R. subcapitata) and aquatic organism (D. magna). The leaching procedure was

adopted from the study by Gupta et al. [17].

The neutral leaching solution was prepared with tap water as it was a better representative
of rainwater to which bricks are environmentally exposed. The acidic leaching solution was
prepared using 0.5 ml glacial acetic acid in 1 L distilled water to make a 3.4 pH solution. A 9.3

pH solution was prepared with 20 g sodium tetraborate decahydrate in 1 L distilled water.

The control and 0.05 wt.% CNT bricks were first crushed using a ball mill and sieved with a
0.45 um sieve. Portions of the crushed bricks (10 each) were added to 200 ml of the leaching
solutions in Schott bottles. The samples were placed in a thermostatic shaker and shaken at
3043 rpm for 18+2 h. The leachates were obtained by filtering the samples through a 0.45 um
glass microfiber filter and stored in a refrigerator at 4 °C for analysis. An inductively coupled
plasma mass spectrometry (ICP-MS) was used to analyse the leachates for heavy metals,
Ecotoxicity studies were performed on the leachates. Transmission electron microscopy
(TEM) using a Tecnai FEI T12 instrument, coupled with energy dispersive spectroscopy (EDS)

was used to determine the leachability of CNTs from the bricks.

7.1.2 Toxicity studies

7.1.2.1 Raphidocelis subcapitata growth inhibition test

The toxic effects of the leachates were investigated on R. subcapitata using a protocol
described by Slabbert et al. [18] and used specifically for engineered nanomaterials (ENMs)
in Lehutso et al. [19]. R. subcapitata was sub-cultured from the in-house stock at the Council

for Scientific and Industrial Research Ecotoxicology Laboratory (Pretoria, South Africa).
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Briefly, 10 mL of the stock cultures were regrown in 250 mL of 10% BG-11 medium at 25 °C
and shaken on an orbital shaker (Labotech, Johannesburg, South Africa) at 100 rpm for six
days under light (6000 lux). After the cultures had reached the exponential growth phase, 1
mL of the regrown cultures were transferred to 24 Eppendorf tubes (Ingaba Biotech,
Johannesburg, South Africa) and centrifuged for 10 minutes at 11,000 rpm to create the
experimental inocula. After discarding the supernatants, the algal cells were again dispersed
in 100 uL of BG-11 media, vortexed for 30 seconds, centrifuged for 8 minutes at 11,000 rpm,
and the supernatant was extracted. The procedure was carried out twice. The density of the
algae and the total amount of algal culture needed for the entire test were calculated in
accordance with guidelines of Helena et al. [20]. The 72-hour toxicity experiments were
conducted at 25 °C, shaken at 100 rpm, and under 6000 lux of light as defined Slabbert et al.
[18]. Cell density was evaluated using a microplate reader (FLUOstar Omega, BMG, Germany)
set to 684 nm at times 0 and 72 hours. A 96-well plate was filled with 100 pL of the sample
test for this measurement. Using non-linear regression with a 95% confidence interval, the
72-hour EC50 (growth inhibition) was determined (GraphPad Prism Software v9, GraphPad

Software Inc., Massachusetts, USA).

7.1.2.2 Daphnia magna acute immobilisation test

For the effects on D. magna, a modified and miniaturised OECD Acute Daphnia Immobilisation
Test (TG 201) reported by Grintzalis et al. [21] was employed. Typically, D. magna cultures
used were obtained from a continuous in-house stock at the Council for Scientific and
Industrial Research Ecotoxicology Laboratory (Pretoria, South Africa). The cultures of D.
magna were housed in an aerated water tank (2.5 L) maintained at 18 °C at a 16:8 h light:
dark cycle. For the acute immobilisation test, cohorts of five D. magna neonates (< 24 h old)
were added to a 24-well plate with 2 mL exposure medium in each well; nominal
concentrations used ranged from 0% to 50% with four replicates each. The exposure was
carried out over 48 h with immobilisation assessed every 24 h; the organisms were considered
immobile if there was no movement within 15 seconds of gentle agitation. The ECsos were
determined using non-linear regression at 95% confidence interval in GraphPad prism v9
software (GraphPad Software Inc., Massachusetts, USA). The test results were considered

valid if the immobilisation was <10% in the controls.
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7.2 Results and discussion

7.2.1 Environmental impact

The materials consumed during the production of bricks are shown in Table 7.1. The data is
from a study performed by Maaze et al., [22] based on bricks with dimensions of 230 x 110 x
75 mm. The bricks produced in this study were similar, with dimensions of 220 x 105 x 70 mm
(see section 5.1). The production of bricks has an environmental impact which must be
considered for their sustainability. Studies have analysed global warming potential, fossil
resource scarcity, water depletion, mineral resources scarcity, terrestrial acidification, ozone
formation and freshwater eutrophication as some of the indicators of the environmental
impact of bricks [22]. The conventional bricks have a high environmental impact due to their
use of non-renewable resources and their production processes which require the use of

energy and water.

Studies have shown that clay-fired bricks were the highest consumer of non-renewable
resources (Table 7.1). The main component was clay which accounted for 3.5 kg per brick.
The harvesting of these resources (i.e. clay, sand, stones) in large volumes results in ecological
degradation. In a study conducted by Asante-Kyei et., [23] it was discovered that one of the
main causes of pollution was the clay harvesting locations' proximity to river bodies.
Moreover, the harvested areas were not reclaimed, trapping household animals and acting

as a mosquito breeding ground [23].

In the clay brick production process, both the drying and firing stages are energy intensive.
Drying is performed at 1000-1200 °C and can take up to 40-50 h. The firing process depends
on the type of furnace used and can be operated at up to 1400 °C [24]. The processes consume
energy and result in the release of GHGs that pollute the air and could lead to global warming.
The clay bricks release an average of 0.41 kg of carbon dioxide per brick [25]. Rice et al.,
conducted a life cycle assessment study of clay bricks from the cradle-to-gate phases for the
Clay Association of South Africa. It was found that the clamp kiln was the most used furnace
for firing the bricks. The resources used were 0.03067 kg coal, 0.00925142 kWh electricity
and 0.00076 L of diesel per kg of bricks [26].
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The second highest natural resource consumer was the fly ash cement brick (Table 7.1) which
did have a resource saving compared to the conventional cement bricks without fly ash.
Producing 1 kg of OPC requires 0.006—0.013 kg of fuel oil or equivalent and about 0.11 kWh
of electricity. Furthermore, every kg of cement releases 0.0009—-0.001 kg of carbon dioxide
[27]. Thus, the fly-ash cement bricks saved 2.73 kg (210x0.013 kg) of fuel, 23.1 kWh electricity
and 0.21 kg of CO, emission per 100 bricks produced. Fly ash saved on the resources and
reduced the negative environmental impact of cement. The recycled concrete waste (RCW)
and recycled waste brick (RWB) geopolymers (Table 7.1) were even more resource saving due
to the use of recycled materials. The only virgin materials used were alkali activators (NaOH
and Na,SiOs). The data presented shows that when natural resources are replaced with waste
products, the more the resources are saved, which in turn will reduce the environmental

impact.

In this study, fly ash was the largest added component in the bricks, accounting for 85% and
the rest being waste plastics and a small quantity (0.05%) of CNTs as a reinforcement filler
(see section 5.3.1). The only synthesized material used was CNTs in small quantities. The
production of CNTs used in this study required feedstock (ferrocene, toluene, nitric acid and
nitrogen), and the process was performed at 850 °C for 30 min (see section 3.3.1). The carbon
yield (CNTs) was high, which meant the process did not result in a lot of by-products/waste.
However, many studies have shown that CNTs made using natural carbon feedstock (i.e. olive
oil, rice straw, coconut oil, camphor) and renewable energy sources [28] can further reduce
the negative environmental impact of the use of CNTs in the application of bricks as
reinforcers. The brick manufacturing process was not as energy intensive as the conventional
brick manufacturing processes. The energy required was for melting the plastic, mixing and
compacting the bricks. The high energy used for drying and firing the bricks was saved
because the bricks were sun dried. It was a quick process because of the high settling rate of
the polymer composites. The bricks were produced without water and that aided
sustainability considering the global water scarcity challenges. The total resource saving was
336 kg per 112 bricks produced. Even though not quantified, there was also an energy saving
from the production process, reduced CO, emission and environmental remediation by

repurposing waste.
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Table 7.1: Inputs for brick manufacturing

Material
consumed

Fired clay
brick

Fly ash
cement
brick

Geopolymer
fly ash brick

Geopolymer
RCW brick

Geopolymer
RBW brick

CNT-
reinforced
waste brick
(this study)

Clay (kg)
Bagass (kg)
Sand (kg)

Coal powder
(kg)

Fly ash (kg)
OPC (kg)
NaOH flakes
(kg)

Liquid NazSiOs3
(kg)

Tap water (kg)
Recycled
concrete
waste (kg)
Recycled brick
waste (kg)
Recycled
plastic (kg)
CNTs (g)
Resource
saving (kg)
No. of bricks
produced

350
35
19
120

90

100

105

210

35

70

210

108

175

175

5.14

50

15

175

106

5.14

50

15

175

175

175

100

5.14

50

15

175

350

103

50

168
336

112

*RCW: recycled concrete waste, RWB: recycled waste brick

7.2.2 Economic sustainability

Table 7.2 presents the cost analysis of raw materials used to produce different types of
building bricks. The data was sourced from recent literature (2020-2023) because pricing is
time sensitive. These findings were from countries such as Malaysia, France and India as
recent data was not available for South Africa. Cost variations were expected for different
countries because of the availability of raw materials, regulations, standard of living, etc.
However, the raw materials and quantities used especially for conventional bricks are
standard. The cost analysis excludes the cost of other inputs in brick production such as water,

energy, labour, transportation, equipment and maintenance which will need to be considered
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in costing and pricing. These vary significantly e.g., the energy cost depends on the type of

energy used such as coal powered, solar powered and gas.

Table 7.2: Cost analysis of raw materials per brick in S

Raw material Cement brick  Clay brick  Clay- Fly-ash CNT reinforced
geopolymer geopolymer waste bricks

[29] [30] [31] [32] (this study)

Clay - 0.019 0.017 - -

Cement 0.21 0.00 - - -

Sand 0.01 0.01 0.03 0.042 -

Gravel 0.01 - - - -

Coal powder 0.06

Alkali activators - - 0.083 0.12 -

(NaOH &Na2Si0s)

Iron chip - - - 0,00042

Ground - - - 0.01

granulated blast

slag

Fly ash - - 0.00 0.00048 0.00

Plastic - - - - 0.012

CNTs - - - - 0.079

Total $0.23 $0.089 $0.13 $0.17 $0.091

The data presented in Table 7.2 indicates that cement bricks were the most expensive (50.23
per brick) to produce in terms of the raw materials used, followed by fly-ash geopolymers,
clay-geopolymers. The CNT-reinforced waste bricks produced in this study (and clay bricks)
were the least expensive, at $0.17, $0.13, $0.091 and $0.089 per brick respectively. However,
the Clay Brick Association estimates that the energy costs are 40% of the total clay brick
production costs. Thus, the cost of energy increases the total cost per brick, especially for clay

bricks which require high energy during the drying and firing process.

In this study, the fly ash was collected from Eskom (South Africa’s power utility) at no cost. A
small cost came from the waste plastic as it was sourced from a waste management company
that cleaned and sorted it. The cost for 1 kg of plastics was R0.50 ($0.026) and for every 3 kg
brick, 15% (0.45 kg) was used, thus, the cost of plastic per brick was R0.23 ($0.012). For every
3 kg brick, 0.05% of CNTs was used which was 1.5 g per brick. The cost of CNTs production
was calculated as R 1000 ($52.86) per kg. Thus, the price per brick was R 1.74 ($0.091). It is

noteworthy that the bricks can be produced from a lower CNT dosage (e.g. 0.01 wt.%) which
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also showed improved properties from the bricks without the CNTs (see Chapter 5). The
choice of CNT loading must be related to the desired application. If the application is low-end
and does not require the superior properties (such has high mechanical strength) of the 0.05
wt.% dosage, then a lower loading can be used. This can reduce the price of production
significantly. For example, the price of production (only considering the raw materials) if using

a 0.01 wt.% loading can reduce the cost from R1.74 ($0.091) to R 0.54 ($0.028).

In Figure 7.1, the compressive strength of the bricks for different CNT dosages was compared
with the cost per brick. The relationship was directly proportional, with an increase in CNT
loading resulting in higher compressive strength and higher cost. The cost of raw materials
can increase from $0.012-50.28 with an increase of 0-0.1 wt.% CNT dosage respectively. In a
geopolymer brick feasibility study, it was found that 70% of the cost of brick manufacture
came from the use of alkali solutions. The cost increased from $0.067 for pressed fly ash brick
to $0.11 for geopolymer bricks [32]. However, similar to CNT reinforced bricks, it was
observed that the price of the bricks could be reduced by optimizing the raw material that

had the highest price contributor, in their case the liquid to solid ratio.
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Figure 7.1: Compressive strength of the bricks at different CNT loading vs cost per brick
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7.2.3 Elemental analysis of heavy metals in leachates

CFA used in applications is not in a powder form but is used as an aggregate in building bricks,
of which the matrix remains bound unless they are demolished. Accordingly, the leaching of
heavy metals would be lower in solid bricks than the crushed samples. Nevertheless, it is
important to understand the entire life-cycle of the product from its production, usage and
end of life for its safe application and to determine its sustainability. For this reason, the

studies below have been carried out using powdered materials

Tables 7.3 and 7.4 presents the elemental analysis of the pristine and CNT brick leachates
under various conditions respectively. The results were compared with the South African
National Standards (SANS10234) and the World Health Organization (WHOQO) proposals
[33,34]. Furthermore, the results were compared with the ECso of R. subtapitata and D.
magna reported by Hasawi et al., [35] and Okamoto et al.,[36] respectively for the CFA

leachate ecotoxicology. The ecotoxicology results are discussed in the next section.

In both the brick samples, the leaching of heavy metals was high under acidic conditions (pH
3.4) compared to the neutral (pH 7) and basic conditions (pH 9.3). Similar results were
obtained by Sarode et al., [37] This arises since metal solubility generally decreases with
increasing pH [37]. In acidic pH, the high concentration of H* destroys the amorphous
aluminium silicate and exposes heavy metal ions to leaching. In neutral conditions, the
concentration of H* is decreased and hence, the structure of the aluminosilicate is more stable
which decreases the leaching of heavy metal ions [38]. A study has found that leaching
solutions of CFA were basic, indicating that CFA can release alkaline components and alter
the pH of the solution. Furthermore, increased pH levels cause the alkali components to stay
in the leaching solution, and the produced OH" precipitates with the heavy metal ions,

lowering the concentration of those metals [39].

In neutral leaching conditions, for both the pristine and CNT brick leachates, As, Cr, Mo, V and
Cd were leached above the leaching concentration threshold (LCTO). However, none of the
metals were above the LCT1, meaning the waste could be classified as moderately toxic in
such leaching conditions [33]. In acidic conditions, for both the brick samples, As, Cr, Mo, V,
Cd, Zn and Mn were leached above the LCTO. The leaching of As and Cd in the pristine brick

was high and above the LCT3. This meant that the leachate was toxic and not safe to be
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released to the environment. In basic conditions using the pristine brick leachate, only As and
Cd were above the LCTO. Lastly, As, Cr, Mo and V were above the LCTO for the CNT brick

leachate under basic conditions.

The leaching of heavy metals from the bricks is an environmental and health concern.
However, it is worth noting that the leaching procedure of the bricks involved crushing them
to a particle size below 0.45 um. This exposes a larger surface to the leaching of heavy metals.
Volatile metals (metals that easily convert to vapour under moderate heat) such as Zn, Pb, Cu
and Cd have been found to be more abundant in finer particles with the potential ecological
risk increasing with a decrease in particle size [38]. In this study, Zn and Cd were found to be
above the threshold limit and that could be attributed to the fine particle size used for

leaching.

There are many strategies to prevent the leaching of heavy metals from CFA of which
repurposing into building materials is one them. Other strategies involve chemical
stabilization using alkaline solutions to neutralize the acidic components in CFA and also
thermal treatment to reduce leachability. In a study, a process called flash Joule heating (FJH)
was used for the removal of heavy metals from CFA. The FJH uses an electric pulse to ramp
up the temperature to ~3000 °C within one second. This, aids in the evaporative removal of
As, Co, Ni, and Pb with removal efficiencies of 70-90%. This resulted in reduced heavy metal

leakage under acid leaching for CFA application in Portland cement [40].
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Table 7.3: Leaching of heavy metals from pristine bricks under different conditions

Threshold limits Ecotoxicology

LCTO LCT1 LCT2 LCT3 LCso LCso
Heavy Neutral Acid Base (mg/l) (mg/l) (mg/l) (mg/l) R.subcapitata D. magna
metals (mg/l)  (mg/l) (mg/l) (mg/1) (mg/1)
Pb 0.008 0.0025 0.0036 0.01 0.5 1 4 5 0.29
As 0.5 6.2 0.5 0.01 0.5 1 4 4 2.4
Co 0.09 0.3 0.005 0.5 25 50 200 0.06 0.71
Cr 0.2 0.08 0.001 0.05 25 5 20 0.3 0.13
Cu 0.9 0.8 0.0008 2 100 200 800 0.3 0.013
Mo 0.5 1,1 0.0005 0.07 3.5 7 28 nd 1500
\Y 0.5 3.8 0.002 0.01 0.5 1 4 nd 1.2
Cd 0.01 23 0.008 0.003 0.15 0.3 1.2 0.05 0.0036
Ni 0.3 0.18 0.003 5.01 3.5 7 28 0.3 0.65
Zn 0.5 8.0 0.005 5 250 500 2000 0.1 0.72
Mn 0.1 3.1 0.002 0.5 25 50 200 nd 9.3

Pb: lead, As: arsenic, Co: cobalt, Cu: copper, Mo: molybdenum, V: vanadium, Cd: Cadmium, Ni: nickel, Zn: zinc, Mn:
manganese. *Values highlighted in orange and the LCsq highlighted in red are for metals above the threshold limit, nd: not
determined
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Table 7.4: Leaching of heavy metals from CNT bricks under different conditions

Threshold limits Ecotoxicity

LCTO LCT1 LCT2 LCT3 LCso LCso
Heavy Neutral Acid Base (mg/l) (mg/fl) (mg/l) (mg/l) R.subcapitata D.magna
metals (mg/l) (mg/l)  (mg/l) (mg/l) mg/|
Pb 0.009 0.001 0.009 0.01 0.5 1 4 5 0.29
As 0.6 3.2 2.1 0.01 0.5 1 4 4 2.4
Co 0.06 11 0.06 0.5 25 50 200 0.06 0.71
Cr 0.3 0.1 0.3 0.05 2.5 5 20 0.3 0.13
Cu 0.8 1.7 1.6 2 100 200 800 0.3 0.013
Mo 0.5 0.8 0.3 0.07 35 7 28 nd 1500
\Y 0.6 2.8 0.7 0.01 0.5 1 4 nd 1.2
Cd 0.07 0.02 0.002 0.003 0.15 0.3 1.2 0.05 0.0036
Ni 0.07 0.2 0.002 5.01 35 7 28 0.3 0.65
Zn 11 3.5 0.02 5 250 500 2000 0.1 0.72
Mn 0.06 1.5 0.1 0.5 25 50 200 nd 9.3

7.2.4 Ecotoxicology

7.2.4.1 Raphidocelis subcapitata

Figure 7.2 shows the growth inhibition of the R. subcapitata (microalgae) after 72 h of
exposure in different media. The 72h-ECsq (effect concentration on 50% of the test species
after 72 h) at a neutral pH was 2.84% and 10.80% for the study under basic condition. The
study was not conducted under acidic conditions. The ECso was not determined in an acidic
pH due to the high potency of the leachate. Table 1 shows that in neutral conditions, Co (0.09
mg/l), Cu (0.9 mg/l), Zn (0.5 mg/l) were higher than the ECso for R. subcapitata of 0.06 mg/l,
0.3 mg/l and 0.1 mg/| for the heavy metals respectively. In acidic medium, As, Co, Cu, Cd and
Zn were higher than the ECso of the microalgae. Lastly, in basic medium no heavy metal was
found in levels above the ECso for the microalgae. The microalgae were affected by pH
because pH affects the availability of CO, and nutrients, which are essential for the species’
survival. In this study the optimum growth pH for the microalgae is 7.5 [41] and in basic

conditions it was 9.3.
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At the highest leachate concentration, the growth inhibition was 65%, 88% and 55% for the

neutral, acidic and basic leachates respectively. As shown from the ICP results (Tables 7.3 and

7.4), the leaching of heavy metals increased with a decrease in pH. Hence the basic leachate

showed a higher ECso due to the lower levels of heavy metals compared to the other

leachates. These results showed a high toxicity of the leachates to the microalgae even at low

concentrations. The growth inhibition of the neutral leachate (Figure 7.2a) was high at low

concentrations but plateaued, which showed that even higher concentrations of the leachate

had a similar effect on the microalgae. In acidic and basic medium, the growth inhibition

increased with an increase in leachate concentration.
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Figure 7.2: Growth inhibition of algae exposed to pristine brick leachates in a) neutral, b)

acidic, and c) basic medium
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Figure 7.3 represents the growth inhibition of microalgae exposed to neutral, acidic and basic
media of CNT brick leachates. The ECsp was only determined for the acidic medium and found
to be 3.7%. The toxicity of the leachate to the microalgae was high under the various
conditions. Table 7.4 shows that in neutral conditions, Cr, Cu, Cd and Zn were above ECsp of
the microalgae. In contrast, in acidic medium, only Cu and Zn were above the ECso and lastly,

in basic conditions only Cu was above the ECsp of the microalgae.

At the highest leachate concentration of 50%, the growth inhibition was 85%, 60% and 85%
for the neutral, acid and base leachates respectively of the CNT containing samples. The effect
of the CNTs on the microalgae was inconclusive because the TEM-EDS results showed that
the CNTs leached in basic medium. However, the growth inhibition of the test species varied
significantly even in neutral and acidic conditions. This was attributed to the complex leachate
matrix which contained several metals that might have formed complexes with metals at
different environmental conditions (e.g. pH) and affected the growth of the microalgae. The
effect of graphene oxide (carbon nanomaterial) was studied on the R. subcapitata. It was
found that carbon nanoparticles can cause indirect toxicity effects such as shading due to
aggregation in the algal medium, decreasing chlorophyll activity and inhibited growth.
Furthermore, their opaque nature can decrease the availability of light and affect algal

photosynthesis [42].
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Figure 7.3: Growth inhibition of algae exposed to CNT brick leachates at a) neutral, b) acidic,
and c) basic medium

7.2.4.2 Daphnia magna

The immobilized neonates (infant daphnia) exposed to pristine brick leachates under varied
conditions are presented in Figure 7.4. A very low 72h Eso of 0.0007614% was found for the
neutral leachate, at an acidic pH the Eso was 3.95% and no data was determined for the basic
leachate. In neutral medium, Cr (0.2 mg/I), Cu (0.9 mg/I), Cd (0.01) were higher than the Eso
of D. magna recorded in literature, i.e.,0.13 mg/I, 0.013 mg/l and 0.0036 mg/| for the heavy
metals respectively [43]. In acidic conditions, As (6.2 mg/I), Cu (0.8 mg/l), V (3.8 mg/l), Cd (2.3
mg/l), Zn (8.0 mg/I) were higher than the ECso of 2.4 mg/l, 0.013 mg/l, 1.2 mg/l, 0.72 mg/I for
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the heavy metals respectively. Lastly, in basic medium only Cd (0.008 mg/I) was above the

ECso of 0.0036 mg/I [43].

The heavy metals leached above the ECso for D. magna in different leachates and were the
cause of the high toxicity and immobilization of the neonates. The neutral leachate had a
lower ECso compared to the acidic leachate even though the acidic leachate had more heavy
metals leached at high concentrations. However, the total immobilization after 72 h exposure
was 100% for the acidic leachate compared to the 45% immobilization at the highest leachate
concentration of 50%. The basic leachate immobilised over 40% neonates at the highest
concentration. An increase in concentration of the neutral leachate did not show a significant
effect on the neonates. While a different effect was observed for the acidic and basic
leachates. Anincrease in the leachate concentration increased the number of the immobilised

neonates.

In a literature study, the Esp of CFA leachate to D. magna was found to be 30.8% after 48 h
exposure to an unadjusted pH solution [44]. The toxicity was lower due to the shorter
exposure time and the CFA leachate had lower levels of heavy metals compared to this study.
The high toxicity of the leachates to D. magna compared to the microalgae (Figures 7.3 and
7.4) was due to the high sensitivity of D. magna to unfavourable conditions. Similar results
were found that D. magna using the diverse test organisms (bacteria, microalga, crustacean,
and rotifer), and the method was found to be the most sensitive test for the evaluation of the

ecotoxicity of CFA leachates [44].
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Figure 7. 4: Immobilised neonates exposed to pristine brick leachates in a) neutral, b) acidic,

and c) basic medium

Figure 7.5 shows the immobilised neonates exposed to CNT brick leachates at different pH

levels. The ECso was determined for the acid leachate and found to be 3.215%. The leachates

were toxic to the neonates. In neutral conditions, Cr (0.3 mg/l), Cu (0.8 mg/l), Cd (0.07) and

Zn (1.1 mg/l) were above the reported ECso of 0.13 mg/l, 0.013 mg/l, 0.0036 mg/| and 0.72

mg/| for the heavy metals respectively. In acidic medium, As (2.3 mg/I), Co (1.1 mg/l), Cu (1.7

mg/l), V (2.8 mg/l), Cd (0.02 mg/I) and Zn (3.5 mg/l) were higher than the ECso of 2.4 mg/l,

0.71 mg/l, 0.13 mg/l, 0.013 mg/l, 0.0036 mg/l and 0.72 mg/I for the heavy metals respectively.

Lastly, in basic medium Cr (0.3 mg/I) and Cu (1.6 mg/l) were higher than the ECso for D. magna

[43].
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At the highest leachate concentration, the immobilised neonates were 85%, 100% and 45%

for the neutral, acidic and basic mediums respectively. The toxicity of the neutral CNT

leachate to the neonates was increased compared the pristine leachate (Figure 7.3). This was

due to the higher concentration of leached heavy metals. Meanwhile, the toxicity of the

leachates to the neonates in acidic and basic medium was similar in pristine and CNT brick

leachates. This showed that the heavy metals present in the leachates had more effect on the

toxicity of the leachates to the neonates compared to the CNTSs.
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Figure 7.5: Immobilised neonates exposed to CNT brick leachates in a) neutral, b) acidic, and

c) basic medium

7.2.5 CNT leaching

Figure 7.6 shows the TEM and EDS results of CNT brick leachates under neutral, acidic and

basic medium respectively. The neutral and acid samples did not leach CNTs. However, in
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acidic medium, more elements (from CFA) were leached out. This was also observed from the
ICP results (Table 7.4) with higher concentrations of heavy metals leached in acidic conditions.
This was attributed to a greater affinity of metals leaching with decreased pH levels. The CNTs

were leached in a basic medium, as shown by the TEM image and EDS results.

The toxicity of CNTs is still unclear. However, the major concern with CNT leaching is the
potential release of metals such as iron (Fe), nickel (Ni) or cobalt (Co) used as catalysts or
supports in their synthesis [45]. These are observed as impurities at different levels in CNTSs.
It has been shown that even purified CNTs can still contain traces of metals that can be
potentially released into the environment from the leached CNTs. Furthermore, the
functionalization of CNTs for improved surface chemistry can have an effect on their
interaction with other elements or compounds within the medium into which they are
leached. Wang et al., [46] studied the effect of CNTs on Cd toxicity to D. magna. It was found
that the presence of CNTs enhanced the toxicity of Cd to D. magna due to the greater
adsorption of Cd to the hydroxyl functionalized CNTs. Meanwhile, the toxicity of pristine CNTs

was only due to the presence of metal catalyst impurities [46].

Interestingly, in the CNT leached sample (Figure 7.6), the Fe used as a catalyst was not
detected. The concentration might have been too low for detection or the Fe was not
removed from the CNT. In this study, the potential release of CNTs in the application product
(bricks) was reduced by the use of small quantities of CNTs (0.05 wt.% used) and their
immobilization within the polymer matrix. Interestingly, these tests were conducted on

crushed bricks which exposed the CNTs and metals to leaching.
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7.3 Conclusion

The environmental and economic sustainability of the brick manufacturing industry is
important. As such, interventions to make the industry more sustainable, such as using
alternative raw materials (i.e. waste) and renewable energy sources are constantly being
investigated and adopted. The brick industry is a very competitive one because a small cost

saving per brick makes a significant difference in the overall construction process and costing.

The use of waste materials in building is reliant upon a number of aspects, including
affordability, lower disposal costs, preservation of resources, market demand, legal
requirements, durability, and technological improvements. Waste materials can provide
financial advantages and support sustainable construction practices by reducing pollution,
preserving resources, and lessening environmental effects when properly assessed and
integrated into construction practices. It is imperative to carry out comprehensive
investigations, evaluations, and assessments to ascertain the appropriateness and efficacy of

waste materials in construction applications.

In this study, CFA and CNTs were tested for their environmental and economic sustainability
in building bricks. An extreme case was used where powders were measured. The effect from
non-powder materials will be much less. The CFA showed high leachability of heavy metals
especially in acidic conditions, which was a concern. The leachates were toxic to the test
organisms (D. magna and R. subcapitata), especially to D. magna showing 100%
immobilization of the neonates after 72 h exposure to the acidic leachate. Thus, the CFA
needs to be treated prior to application to remove the toxic heavy metals to ensure safe
utilization. The CNTs were shown to have leached only in basic conditions and their effect on
the test organism was inconclusive. As such, dedicated tests still need to be conducted only
with CNTs without the CFA. Furthermore, the cost analysis showed a resource saving on the
utilization of CFA and waste plastics in the bricks. This reduced the dependency on the non-
renewable resources and the overall cost of raw materials. The main cost was from the CNTs
which can be reduced by their percentage loading, guided by the required properties in
application. The waste-derived CNT bricks can be competitive with the conventional bricks
based on cost, properties and environmental impact. However, their ecotoxicology must be

thoroughly understood for their safe application.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

8.1.1 Synthesis of carbon nanotubes

The optimization of CNT synthesis was crucial to ensure that they are scalable, affordable and
easily adoptable for large-scale industrial application such as the building sector. In this study,
the CNTs were produced using a CCVD method that was facile and could be continuous for
high volume production. The effect of temperature was investigated and defected CNTs with
impurities were formed at a lower temperature of 750 °C. This was due to the low rate of
decomposition of hydrocarbons hindering the growth of highly crystalline CNTs. At higher
temperatures 850 °C more crystalline CNTs were formed with minimal impurities.
Furthermore, the effect of the catalyst-carbon source injection rate was studied and found
that an increase in the injection rate resulted in decreased crystallinity due to insufficient time
for the reactant to form crystalline CNTs in the furnace. Lastly, the effect of nitrogen (N3)
carrier gas resulted in a decrease in the diameter of the CNTs at higher N, flow rate and a

reduction in the crystallinity of the CNTs.

The optimization reactions allowed CNTs of high purity and yield to be obtained for
application in building bricks. The CNTs were highly crystalline which resulted in high
mechanical strength and thermal stability for their application. The CNTs were synthesized at
a shorter reaction time using minimal reactants in order to reduce their carbon footprint for

improve environmental sustainability.

8.1.2 Application of CNTs in bricks

Coal fly ash (CFA) was the chosen aggregate over coal bottom ash (CBA), due to its higher
availability, lower content of heavy metals and spherical particles which have been shown to
aid better filler effect, thus improving the overall mechanical strength. The effect of CFA to

low density polyethylene (LDPE) ratio was studied and the optimum ratio was found to be
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85:15 respectively. The ratio ensured good workability and compaction of the bricks for high
mechanical strength. The curing time (3-28 days) showed an improvement in the strength of
the bricks. However, beyond 14 days there was minimal improvement in strength because
the settling rate of polymer composites is high. The compressive strength was found to be

10.9 MPa after 28 days.

The effect of functionalized CNTs was studied on the CFA bricks. The functionalization of CNTs
was to improve the surface chemistry for enhanced interfacial interaction within the
composite matrix for homogeneity and improved properties. The CNT loading was between
0-0.1 wt.%, and an increase in CNT loading until 0.05 wt.% showed an improvement in the
overall properties (split tensile strength, compressive strength, microstructure and water
absorption) of the bricks. However, as the CNT loading was increased to 0.1 wt.% the CNT
agglomerated in the composite which resulted in the formation of weaker spots that formed
cracks upon load application. The optimum CNT loading was 0.05 wt.% which improved the
microstructure of the bricks by filling the voids and providing a bridging effect within the
composite as mechanisms of reinforcement. Furthermore, the water absorption was
reduced, as a result of the formation of more densified bricks which indicated reduced
porosity. The bricks exceeded the required standard of 4 MPa and 1.2 MPa for the
compressive and tensile strength respectively for all the bricks. As such, the bricks showed

great applicability in the building and construction industry.

8.1.3 Durability of the CNT-bricks

The CNT bricks were tested for their durability using chloride conductivity (CCl), water
sorptivity (WSI) and oxygen permeability (OPI) indexes. Again, they were tested for chemical
attack, thermal stability and efflorescence. The tests were performed with the CNT loaded
bricks and the control bricks (0 wt.% CNT loading). The CNT bricks showed improvements with
the durability indexes as well as the thermal stability. This was due to the improved
microstructure of the brick which densified their structures and reduced their susceptibility
to losses in structural integrity. The control and 0.01 wt.% bricks failed the OPI tests due to
their low density and high porosity. Furthermore, only the 0.05 wt.% bricks were classified as

“good” for the WSI test while the others were classified as “poor”. It is worth noting that the
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indexes are mainly used for concrete which requires very low to no water absorption while,
the bricks require a level of water absorption to bind with the mortar during building. All the
bricks were within the good category for the CCl, but the CNT-reinforced bricks performed
better. The CNTs in the bricks aided thermal stability properties and the bricks maintained
their structural integrity beyond 220 °C where the control bricks failed. The acid and basic
chemical resistance of the bricks improved upon the inclusion of the CNTs because of the
densified microstructures. Lastly, the bricks showed minimal efflorescence which had no

effect on the structural integrity or durability of the bricks.

8.1.4 Environmental and economic sustainability of CNT-bricks

The bricks were tested for environmental and economic sustainability using the control and
optimum 0.05 wt.% CNT bricks. The bricks developed in this study were compared with the
conventional bricks such as clay, concrete and geopolymer bricks. A reduced environmental
impact due to the application of waste (CFA and plastic) was observed. The application of
waste contributed towards resource conservation, reduced carbon footprint, reduced
disposal costs and overall production costs. The developed bricks did not require the high
energy conventionally required for drying and firing especially clay brick and also no water or
cement was used during production. Thus, the total resource saving was 336 kg per 112 bricks
developed. The cost per brick for the 0.05 wt.% CNTs brick was determined to be $0.091 when
considering only the raw materials. Which was lower than the cement bricks ($0.23) but
slightly higher than the clay bricks (50.089) which have their major cost coming from energy
consumption which was not calculated. The cost per brick of the CNT reinforced bricks can be

reduced by reducing the loading percentage to fit the desired properties.

The ecotoxicology studies were performed on powdered samples of control and CNT bricks.
The samples were leached in neutral, acidic and basic conditions and tested on a microalga
(R. subcapitata) and aquatic organism (D. magna). The leachates released some heavy metals
(from CFA) beyond the leaching concentration threshold recommended by the SANBS. As
such they were toxic to R. subcapitata and D. magna and led to growth inhibition and

immobilization respectively. The most potent leachate was the acidic one because the heavy
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metals have high affinity of leaching in low pH levels. The effect of CNTs on the test species

was inconclusive and the CNTs were only leached in basic conditions.

Overall, the waste derived bricks have a great potential of being used as building bricks. They
showed competitiveness in reduced environmental impact, resource conservation, reduced
cost and superior properties. However, their ecotoxicology must be thoroughly understood

for safe application.

8.2 Recommendations

e The CNTs applied in the waste derived bricks can be synthesized using green
precursors for a more environmentally sustainable product.

e More durability test standards need to be developed especially for waste derived
bricks for their long- term application. This will increase their acceptance by
consumers and fast-track the efforts towards greener building materials.

e The cost analysis needs to be thoroughly conducted as it is the major driver of a
product’s sale. This is especially in the building and construction industry where a
minor save has a great impact in the overall cost since it’s a high-volume industry.

e The CFA used must be thoroughly tested and the levels of leachable heavy metals
understood prior to their application. If needs be the CFA must be treated prior to
reduce the levels of heavy metals to ensure their safe application and end-of-life cycle.

e Ecotoxicology studies need to be also performed with solid brick leachates and not
only the powder leachates. This will give a true reflection of the leachability of the
heavy metals in the application product (bricks). Which might be lower due to being
bond composite matrix.

e Ecotoxicology test with only CNTs need to be performed to understand their impact
rather than in a matrix with high levels of heavy metals which may overshadow their

effect.
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