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ABSTRACT

Thecarbonaceous nanomaterials (Multi walllzam nanotubeMWCNT), functionalised
MWCNT and Carbon nanofibers (CNFshave outstanding properties (mechanical,
electrical, etc.which can make therneffectual nonoreinforcement$or enhancing the
properties of cementitious compositemfortunately,thesenanomaterials have a high
tendency to agglomerate due to their strong Van der Waalatgelftion and hydrophobic
surfaces. To date, ensuring a uniform dispersion in waténdhd cementitious composite

is the main challenge that hinders their effective use as a nano reinforcing agent

To address the issue of agglomeration of carbonaceous nanomaterials in cementitious
composites, for the first time, a green process was developed to synthesise highly
dispersible multifunctional hybrid nanoparticles using-tbéwived nanoplatelets (BNPSs)

and MWCNT. Multifunctional hybrid nanoparticles BNP/MWCNT suspensions were
analysed using Optical microscopy, Ultraviokasible spectroscopy (Uvis), Scanning
Election microscopy (SEM), elemental analysis (energy dispersivay Xdiffraction

(EDX) and tlermal characterization (FTGTG).

In this work, extensive experimental studies have been conducted to investigate the
hydration mechanism and microstructure characteristics of cementitious composites with
BNP. The SEM, EDX, T&@TG, Transmission Electron iktoscopy (TEM), and Xay
diffraction (XRD) were used in this investigation. The mechanical properties of the
resulting composites were characterised through compressive, flexural strength. More
specially, the effect of BNP on fracture properties of aditieus composites has been

investigated. The work has also focused on evaluating the effect of BNP/MWCNT on the
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hydration mechanism, microstructure characteristics and mechanical properties
(compressive, flexural strength). As well as, the experiments parformed to examine

the effects of BNP/MWNCT on fracture properties of cementitious composites. The
obtained results on dispersion showed that, BNP, can be used to digpgGNT in
agueous solution and well disperddd/CNT in aqueous solution were aelied.

Addition of BNP resulted in cementitious composites to improve flexural strength, fracture
properties and the microstructure of cementitious composité® addition of
multifunctional hybrid BNP/MWCNT to cementitious composites resulted in a gigntf
improvement in the performance of cementitious composites and this gain could be
attributed to uniform distribution oMWCNT, effective reinforcement effects, crack

bridging and chemical bonding between BNP/MWCNT and cement hydrated products.
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Nomenclature

aCNC adsorbed cellulose nanocrystals

AFM atomic forcemicroscopy

AFm alumina, ferric oxide, monsulfate” or (AbOz 7 FeO3 T mono)
Aft aluming ferric oxide tri-sulfate” or (AbOz3 T FeO3 T tri).

BNP bio naneplatelets

BNP/MWCNT hybrid bio nanaplatelets/multi wall carbon nanotubes
CaSQ calcium sulfate

CsA tricalciumaluminate 8 CaO -AbOs)

C4.AF tetracalcium Aluminoferrite (4 CaO AD:FeOx3)

3Ca0.Ab0s.3CaSQ.32H:0 ettringite
3(3Ca0.At0sCaSQ.12H0) monosulfate
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CaSQ.2H0 CH (Ca(OHYy calcium hydroxide
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CNTs carbon nanotubes

CNT-OPC ordinary portland cement with carbon nanotubes
CO. carbon dioxide
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C-SH calcium silicate hydrate
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CsS tricalciumsilicate (Alite) (3 CaO - SiQ)
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Mg magnesium
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@) oxygen
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Chapter one

1 Introduction

1.1 Problem Statement

The construction sector in the UKces serious challenges as the EU attempts to meet its
COz emissions reduction by 2050. A key issue is curbing the overall demand for ordinary
Portland cement (OPC). OPC production is one of the main contributors en@i€3ions,
counting for about &% of the total global C&emissiongZhang et al., 2014; Benhelal et

al., 2013) Because there are no other alternative cementitious materials on the horizon that
can replace OPC, the produwct of OPC is forecast to double in the next 30 years to meet
the rising global demand for new civil infrastructure due to the growth in population. This

will result in more C@emissions.

Two popular research directions that have emerged recently getatite reduction of
embodiedCof concrete: fido more with | esso and
with | essd strategy involves increasing the
of calcium silicate hydrate (CSH) phase, the mairhding block that controls the overall
performance of concrete. By increasing the performance of concrete, it may be possible to
design concrete members with smaller size which in return reduces the volume of concrete
thereby reducing the demand on OF@e first approach to this, deals with controlling and
amplifying the CSH growth using reactive nanomaterials, whereas the second approach
involves strengthening the CSH products with carbonaceous nanomaterials such as carbon

nanotubes (CNTs), carbon naiefs (CNFs), graphene and graphene oxide ((&ap et
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al., 2015; Lv et al., 2013; Lv et al., 2014a; Lv et al.,, 2014b)The dAbui |l t t o
consists of continuously monitoring 41+he i
sensing approach using CNTs, CNFs and graphene fillers such as conductive fillers to
measweandmoni t or t he el ectrical properties of
obtained from the monitoring, enablewners to extend the service life of concrete
structures safely and economically. This can help lahe€O; footprint by reducing the
amount of materials required for major repairs or replacefkantg et al., 2006; Han et

al., 2009) Unfortunately, the potential application of CNTs, CNFs and graphene in
concrete is currently held back by one major issue: These nanomaterials are not dispersible
in water and tend to agglomerate, leading to a nonhomogeneous microstructure thereby
providing moderate performance enhancement of cementitious materials. The
agglomerates also aat stress concentration points in the matrix which result in cracks
andasignificant reduction in the mechanical proper{idgiguna et al., 2015; Muhammad
Magbool Sadiq et al., 2017; Onuaguluchi et al., 2014; Metaxa et al., 2012a; Yu et al., 2007;
Zhou et al., 2017)As such, there is a need for new approaches for futurepleigbrmance
cementitious materials that exhibit paradighifting properties to build infrastructure with

lower cement content anchable built infrastructure to inherently perform multiple

functions such as selfealth monitoring.

Therefore, the objective of this work is to engineer novel multifunctional nanomaterials t
address obstacles thate currently inhibiting the widespreadpplication of CNTs in
cementitious composites. Specifically, this research provides a new green synthesis of
hybrid multifunctional nanopatrticles to significantly enhance the mechanical properties

and fracture resistance of cementitious composites.
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1.2 Research Concept and Novelty

To address the issue of agglomerationcafbonaceous namaterialsin cementitious
composites, for the first time a green process was developed to syatinéginly
dispersible multifunctional hybrid nanoparticles using-tdsived nanoplateletBNP)
and multiwall carbon nanotubdgl(VCNT). Figure 11 shows the concepf the proposed
multifunctional hybrid nanoparticles. ThBNP sheets were synthesd from sugar
beetroot waste and contain hydrophilic and hydrophobic functional gréigpse(1.1c)
thus enabling them to sedssemble withMWCNT to create hybridBNP/MWCNT
nanoparticles. As shown fig. 1a,the MWCNT are attached to tHBNP sheets through
the hydrogen bonding mechanism resulting from BNP hydrophobic sites and the
MWCNT hydrophobic planesfig. 1.1d). Once in the cement paste, the hybrid
BNP/MWCNT nanoparticles are uniformly dispersed due to tleetestatic repulsion

forces between th@8NP sheets generated by the large number of chahyedoxyl

functionaland CHOH groups on their surface.

When they are present in the cement matrix, the hyBN&®/MWCNT nanoparticles
perform multiple functions: 1) Owing to their functional groufigyre 1.1(c)), the BNP

adhere to the surface of the cement particles and use their somewhat porous structure to act
as both water reservoirs and shartuit diffusion functions to provide or transport water

to the unhydrated cement cores, thus fueling the formation of CSH. 2) The hydroxyl
functional groupsf(g. 1.1c) on the surface &NP prevent the agglomeration of the cement
particles, thereby creating the-sdled stericstabilizationeffect for improved workability

and hydration of cement particles. 3) The adso&® remain in the high density CSH,
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creating new intercalated CSBNP/MWCNT nanocompositedi. 1.1e) with increased
strength and toughness, anehder microstructurand 4) theMWCNT form uniformly
distributed conductive networks in the cement matrix resulting in an improved electrical

property which can be used to monitor the structural integrity of concrete structures.

a-Hybrid BNP/MWCNT nanoparticles

c- chemical structure of
BNP sheet

Y CH,OH CH,0H

2
H ] H
H
OH H o ] [}
OH CIIinl

H oH OH ]

| .|
Hydrogen groups Hydroxyl group

» d-Hydrophobic-hydrophobic
interaction

» e-Intercalated C-S-H/BNP/MWCNT
particle

MWCNT

Figure 1.1: Proposed hybriBNP/MWCNT nanoparticles

1.3. Aim

The aim of this research is to engineer new hybrid multifunctional nanoparticles for

application in cementitious composites. The proposed hybrid multifunctional nanoparticles
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address the roadblock to usif@NTs in cemenbased materials to enhance their

performance and functionality.

1.4 Objectives

1. To develop novel multifunctional hybriBNP/MWCNT nanoparticles for large
scale applications in cemebased materials.

2. To investigate the colloidal properties and stability of the hyBNGPMWCNT
nanoparticles in aqueous solutions.

3. To elucidate the effect oBNP on the hydration, chemical composition,
morphology and microstructure of cementitious composites and understand their
interaction with cement hydration phases.

4. To determine the influence &NP on the mechanical and fracture properties of
cementitious composites.

5. To quantify the effect of the hybriBNP/MWCNT particles on the hydration,
chemical composition, morphology and microstructure of cementitious composites
and uncover their interaction with the cement hydration phases.

6. To determine the influencd the hybridBNP/MWCNT particles on the mechanical
and fracture properties of cementitious composites.

7. To establish the strengthening mechanisms in the cementitious composites as a
result of the addition dBNP/MWCNT particles.

1.5 Thesis Structure

This tesis is comprised of seven chapters. Chapter 1 introduces background, research
novelty, aim and the objectives of this research. A brief description of the proposed
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multifunctional hybridBNP/MWCNT particles is also included to set the scene for this

resarch.

Chapter 2 covers the literature review including the most relevant ateddgte research
activities in the area of cementitious composites reinforced with nanomaterials. This will
consist of an overview of MWCNT, GO, graphene, and cellulose nastatsyCNC), and
reactive nanoparticles such as nano silica, their properties and usage in-lcaseent

materials will also be discussed.

Chapter 3 introduces thBNP sheets and their manufacturing process. Chapter 3 also
investigates the properties BNP, and their colloidal properties and stability in aqueous

solution using optical microscopy and Ws Spectroscopic microscopy.

Chapter 4 examines the influenceBNIP on the hydration, morphology, microstructure
characteristics and mechanical properties of cement pastalytical tools such as-xay
diffraction (XRD) and Energylispersive Xray spectroscopy (EDS) were employed to
identify the hydration phases and ithehemical composition of the cement pastes. The
effect of BNP on the degree of hydration (DOH) of the cement paste was also examined
using Thermo Gravimetric Analysis (TGA). In addition, Scanning Electron Microscopy
(SEM) and Transmission Electron Micoope (TEM) were used to analyze the
morphology and microstructure of the hardened cement paste and examine the interaction
between thé8NP sheets and the cement matrix. In addition, the distribution oBife

sheets within the cement matrix was evaluatad the effect of th8NP sheets on the
mechanical properties and fracture resistance of the hardened cement pastes were

determined.
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Chapter 5 investigates the colloidal properties and stability of the multifunctional hybrid
BNP/MWCNT nanoparticles usingoptical microscopy and UVis Spectroscopic
microscopy. Chapter 5 also studies the interaction betBd@&and MWCNT using TGA,
SEM and EDS. The colloidal properties of the hyl BMP/MWCNT are compared with

those of hybrid GO/MWCNT and Cellulose crystdWCNT.

Chapter 6 examines the performance, the hydration, the morphology and microstructure of
cementitious composites reinforced by differBMP/MWCNT concentrations. Chapter 6
studies the hydration mechanism of cementitious composites using XRD, BDS5&n
analysis. Chapter 6 also investigates the morphology and microstructure of cementitious
composites and the interaction between hyBiNP/MWCNT and cement matriygsing

SEM analysis.Furthermore,the mechanical properties afementitious composites

reinforced by hybrilBNP/MWCNT were evaluated.

Chapter 6 also studies the fracture characteristics of the cementitious composites
containing the hybridBNP/MWCNT. The effect of the hybrid multifunctional
nanoparticles on cementitious fracture energy asxtdre toughness were determined and

the toughening mechanismsBNP/MWCNT were uncovered.

Finally, chapter seven contains the conclusions and reflective evaluation of the whole study

and proposes topics for future research
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Chapter Two

2 Literature Review

2.1 Introduction

This chapter provides the necessary background knowledge to understand the properties of
nanomaterials used in cementitious composites including MWCNT, graphene (G),
graphene oxides (GO) and cellulas#nocrystals@NC). In addition, the effect of these
nanomaterials on the properties of the cementitious composites is discudstdl ifthis

chapter also discusses some of the commonly used approaches to disperse MWCNT in

agueous solution and their nmg with cementitious composites.

2.2 Nano reinforcing materials for cementitious composites

2.2.1 MWCNT

MWCNT can be defined as ommensional growth of materials to form nanotulddwey

have attracted worldwide interest in recent years due to their high tensile strength, ultra

hi gh Youngds modul ulghtwegitghemieasapdghermal stabitity, o, u |
inherent electrical, corrosion resistivity and transport properties. sudt, (IMWCNT are

deemed to have great potential applications in composite materials. MWCNT are
commonly produced by a thermal chemical vapor deposition process and their hollow
structures are tubular shapddscribed as ultrathin filaments of carbon fodrbg layering

carbon atoms bonded in a hexagonal pattern, as shdvguia 2.1.
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Figure 2.1: Structure of MWCNT formed by four rolled sheets of grapheaanotti et

al., 2016)

Since their discovery (lijima, 199Manyresearcherbave studied their usage in various
applications such as hydrogen storageldfemission device, ultracapacitor, electronic
scanning probe, sensor, biomedical material, coatings, batteries and(filtgy<et al.,

2013; Scheibe et al., 2010; White et al., 2016; Shtein et al.,.2013)

MWCNT displayextraordinary physical properties such as its great strefidt®0 times

that of steelyhilst only one sixth of its density (Wong, Sheehan et al. 198&Kingit the
strongest material known and Young's modulus fromBBGOGPa (Krishman, Dujardin

et d. 1998; Popov, vanDoren et al. 2000). ResearcM@WICNT-reinforced composites

has been performed in a variety of areas including {cangposites, nanotubeetal
composites and ceramic matrix composites due to their extraordinary mechanical
propertiessuchashigh tensile strengthndultrash i gh Yo un g%usstam@d®@ | us (

Peyvandi et al., 2034
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SEM image of bundles of MWCNT, with a diameter betweet®Q nm and a length of

several microngs shown in Figure 2.2.

Figure 2.2 SEM micrograph of a bundle of MWCNDassios et al., 2015)

2.2.2 Graphene (G)

G is a recent structure of carbon in tdinensional (2D) form which has attracted both
experimental and theoretical scientists. The basic form of graphene is al8yeg|evhich

is a planar spbonded sixmembereeing sheet of carbon, wherein it is the basic building

block for MWCNT. Single layegraphene is a single layer of carbon atoms arranged in a
hexagonal lattice, which has a large surface area of approximately 263Q, rhizgh
youngdés modulus around 1 TPa and its morp
together with pia bonds with ormarbon atonthickness(Zhu et al., 2010 Moreover, G

has properties such as high thermal conductivity, mechanical stiffness, fracture strength,
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and exceptional electrical mobility due to its extraordinary carrier transgloai/ibur. The
structure of G with its single layer of bonded carbon atoms forahmneycomb crystal
lattice is shown irfigure 2.3. In addition, a Transmission Electron Microscope (TEM)
image of a single layer of G shows that, GO has plate shape withmbsions of several
microns and a thickness of several nanomeft@sh is illustrated infigures 2.4 and 2.5.

In addition, G isa very expensive material which limits its applicatiand thereare

problens relaing to its agglomeration due to van der forces.

NG

Figure 2.3: G structure (Blomquist, 2016)
-0 aie O

200nm

Figure 2.4: TEM Image of Single Layer @u et al., 2011)
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SEl 5.0kV x5,000 WD 6.1 mm 1;,1_

Figure 2.5: SEM Image of Single Layer &urunathan et 312013)

2.2.3 GO

GO is produced by the oxidization of graphemiehas powerful properties such as high
surface area and ultrahigh strengtidis a highly promising materialt can be used with
cementitious material, polymer and ceramic to produce composite materigsal.,

2015. Figure 2.6 shows the chemical structure of GO, which consists of a single layer of
bonded carbon atonfsrming a honeycomb crystal lattice. This lattice is covered with
several chemical groups such as carbox@OH) and hydroxyl groups@H) anchored

at the edges of nanosheets, making thes@ace chemically more reactive with cement
particles and dispsible in aqueous solutions. Moreoveainasheets of GOwhich consist

of hydrophilic oxygenated graphene sheatse shown irfigure 2.7. Figure 2.8 shows the
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process of manufacturing GO from chemical oxidation of Gthadonication process of

Graphiteoxide to produce GO.

uonepixo |eogw9qol ?:

Graphite Graphite oxide Graphene oxide

Figure 2.8: Schematic manufacturing of GO (Hantel, 2013)
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2.2.4CNC

One of the most importaiio materials iSCNC, which ha attracted great interest in the
nanocomposite field sinaé has unique properties such as nanoscale dimensions, high
surface area, uniquearphology, low density, and high mechanical properties. Moreover,

it is a green material which is renewable and biodegradable and can be effortlessly
modified. In additionCNC have a shape of needlke cellulose particles with a diameter
between 10100 nm and a length typically between 0.0% microns thus CNC have
different aspect ratioSCNC are extracted from wood and plantterial however their

length and diameter depend on the source material and the hydrolysis conditions. The
production of CNC from this extracted wood and plant material has a highly crystalline
nature thereby resulting in the desired physical and mechanicatteepkescribed above.

The most weHldeveloped technique to produc®lCis Acid hydrolysis. Figure 2.9 shows

a TEM image ofCNC that are needieke cellulose particles with a diameter between 10

100 nm and a length typically between 3@ nm. Figure 2 illustratesthe chemical
structure ofCNC which shows functional groupsdH) which makeCNC dispersible in

agueous solution.
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Figure 2.9: TEM image ofCNC (Habibi et al., 2008)

OH OH OH
OH OH OH
HO O Ho o 0
g Ho ; J Ho J Ho
OH OH OH
OH OH n OH

Figure 2.10: The chemical structure @NC (George and Sabapathi, 2015)

2.2.5 NaneSilica (NS)

NS hasavery fine particle size (about several to one hundred nanometers) and an extremely
high pozzolanic reactivity. The Nano sized particle size feature of NS would be favorable

for its penetration into the pores of cem@rbu et al., 2014)The NS shown below in
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Figures 2.11 and 2.xhowa density of approximately 1.3 g/ml and an approximate surface

area of 220 m2/@Du et al., 2015)

Figure 2.12: Transmission electron micrograph of K&ong et al., 2015)

44



2.3.0 Dispersion of MWCNT

Although MWCNT have unique propetiesthat make them attrective mateials to

employ in the many applicaions previously mentioned in Section 2.2they have

issues relatingp thepresenceof attractive forces (Van der Waals), which causes pasticle
agglomeratiorn(Ling et al., 2013; Scheibe et al., 2010; White et al., 2016; Shtein et al.,
2013) These aggmerative particles have difficulty dispersing uniformly into matrices,
and these particles become weak areas in the overall structure. Hence, there is a need to
deagglomerate and distribute these particles within matrices. The mechanism of
dispersion cold be described as a splitting up the parts of agglomerates into small
fragments under high stress or exfoliating the parts of agglomerates into small fragments
under a comparatively lower stress. The dispersion of MWCNT depends on many factors
such as legth of MWCNT, diameter, intensity, volume fraction, matrix viscosity and
attractive forces. Different chemical and physical methods have been used to disperse
MWCNT in aqueous solution, polymer materials and cementitious mat@etgeen et

al., 2013. A comprehensive review of the literature in the field/&¥CNT dispersion is

presented in the following sections.

2.3.1 Methods of dispersion of MWCNT

2.3.1.1 Dispersion of MWCNYVia functionali zation with acids

Functionalization of MWCNT can be defined as a modification of ther surfaces by
adding carbonyl groufCO) and hydroxyl group (OH)This functionalization pemits
dispersion of MWCNT in water and organic sdvents (Hung et al., 2008). Hung and
others (2008) investigated the readbn of thin MWCNT with a mixture of concentrated

HNO; and H,SO,. A mixture of 864% HNO; and 98% of H,SO, (1:3) volume
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proportion was used for carboxylation of purified thin MWCNT (200 ml of mixture/g
MWCNT). At a temperdure of 80 + 3 °C, the mixture was treated for 3-4 hrs with
constant stirring and refluxing, in addition to the evolution of a light brown gas. This
processwas followed by cooling and centrifuging the mixture. Distilled water was then
used for washing the sanple four times followed by washing with 5% HCI. Finally, the
sample was dried under pressue and weighed. Figure 2.13 shows the process of
functionalization of thin MWCNTas described abovand figure 2.14 illustrates the TEM
images of thin MWCNT preparedilso described aboveThere are some bundles of
MWCNT and single nanotubes of MWCNTE. was obseved that a stble agqueous

solution with a solubility of 3.13 g/l was formed from caboxylated thin MWCNT.

H,S0,
HNO;  FEE
)

s  /SOCL o HN(1-CpoHys), Bt
z . (‘4 —
Nl 98 + 2°C
96 h

@@ C -
gag‘ N Ol DMF
h=@

Figure 2.13: Schematic of the functionalization proce$$MWCNT (Hung et al., 2008)
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Figure 2.14: TEM images of (a) aprepared, (b) carboxylated and (c) amidated then
MWCNT,; (1) bundles, (2) single nanotul{gting et al., 2008)

Penget al. 003) studied the effects of acid functiondization on the performance of
single-walled catbon nanotubes (SWCNT).Theacid functiondization was completedvia
readions of SWCNT with succinic or glutaric at 80-90°C. It was onduded that acid
functionaizaion ledto increasedolubility of SWCNT.
In summary: as described abowes functionalizationtreatmentpermit dispersion of
MWCNT in water howevethis methochasalso somealisadvantages such as, excessive
damage to the surfaces of MWCHNle., damage to MWCNT structure may occur due to
extreme use of acids and chemicals at high concentrations in the chemical

functionalization techniques) Furthermore, this methodnegatively affects the
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performance of cementitious composites due to excessive formation of ettringite due to
existence of sulphateons {.e. if the sulphuric acid was used in functionalization
treatmat, some sulphate ionmobablywere left over from washing othe sulphuric

acid, which would lead to creatsulphate functional group, and these could lead to
excessive ettringiteThis negativelyimpacts uporthe mechanical performance of the

cementitious compositéd\bu Al-Rubet al., 2012)

2.3.1.2 Dispersionia noncovalent bonding methods

Noncovalent bonding methods include dispersing MWCNT with the use of chemicals to
sustain long term uniform dispersion in aqueous solution aratiaty of other liquid
solutions. These methods used chemical materas to disperse MWCNT without
causing excessive damage to their surfasesell asmaintainng the aiginal properties

of MWCNT. An exanple of a chemical used in this ways GO, which uniformly
distributesin agueous solution due to having OH groups on their surfaces. The GO
solution is mixed with MWCNT followed by ultransonic mixing to separate the bundles.
An ultrasonic mixer causes separation through the creation of acoustic gmetghout

a liquid medium viahigh frequency driverin 2015, Lu etal. published apaperin which

they described the effeds of the addition of GO/MWCNT to cementitious composites.
Interestingly, the dispersion of MWCNT in the GO solution was examined byigV
spectroscopy and optical microscopy, and extensive results carried out showed that, this
method produced acceptable dispersion of MWCNT in aqueous solution. This may have
happened due to repulsion forces (i.e. a force under the influence of which objects tend to
move away from each other through having the same magnetic polarity or electric charge)

that were created between the surfaces of MWCNT due to the high electroptdtione
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of GO. Figure 2.1&) shows the agglomeration of MWCNT due to van der forces, figure
2.15b) shows the dispersion of GO due to high repulsion forces as deksahbee, ad
figure 2.1%c) shows the functionalized MWCNT in GO solutjdinere is a clear dispersion
of MWCNT in this case. Figure 2.(& shows typical optical microscope images for
MWCNT in agueous solutiofThere is a clear agglomeration of MWCNT in this image as
well as figure2.16b), which shows distributed MWCNT/GO in aqueous solution. In
addition, a major problem with this experiment was thai€3@b expensive and cannot be

usedon anindustrial scale.

\ \ \ ’ ‘
a. &_’ /. /- ‘// .
g \\_% /‘ ‘

ion of unfunctionalized CNTs Better dispersion of functionalized CNTs Best dispersion of functionalized CNTs
in aqueous solutions in aqueous solutions in GO solutions

Figure 2.15: Scheme showing the dispersion of (a) unfunctionalized MWCNT and (b)
functionalized MWCNT in the aqueous solution and (c) functional@dCNT in the

GO solution(Lu et al., 2015)
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Figure 2.16: Typical opticalmicroscope image of (a) MWCNT/aqueous and
(b)MWCNT/GO solutionqLu et al., 2015)

Xiaoyu et al., 2013 producea humidity sensor from GO/MWCNT composites. The
results obtained from SE MdbtkatthenhWgERTsalignf GO/ N
between the GO sheetSthough there is an acceptable dispersion obtained through this
method GO is too expensiamdconsequently there slimitation to apply this method
of dispersiorfor use on an industrial scal®liver et al. 2012, studied the dispersion of
SWCNT byCNC. The results of this investigation showed that, highly stable dispersions
of SWCNT byCNC solution was obtained. The experiments, which used atomic force
microscoy (AFM) and TEM, produced good results showing formation of hybrid
particles. These hybrid particles consist frGMC accumulated on a SWCNT parallel to
the axis of nanotubes by a sasembly process (layer by layer deposition). The reason
for that mightbe the interaction betweddNC and SWCNT as a consequenceCNC
specific crystalline (200) phases and (200) (hydrophobic phases) and SWCNT
hydrophobic carbon structure which expel water molecules and stabilize the SWNTs

suspension. Furthermor€NC havelong range electrostatic repulsion forces between
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them that may also have positive effects on stabilizing SWQBNC/ In addition,
Trigueiro et al. 2014roduced film through the layer by layer process of MWCNT,
chitosan an€NC. Using SEM investigationhey concluded that the MWCNT were well
dispersed byCNC through the same mechanism described by Oliver et al. (2212).
should be noted that these two studies require further research into their mechanisms and
potential applications.

In summary: as disased above, the using non covalent method to disperse MWCNT has
many advantages such aglisperses MWCNT without causing excessive damage to
their surfaces as well as maintaining thiegioal properties of MWCNT. However, as
discussed abovéhis method has sontienitations such as;O is expensive material and
cannot be used in industrial scakewell asCNC are short fibertherebytheir advantages

will be limited. Furthermore, using CNC in high concentration is problematic due to
difficulties to achieve uniform dispersion thus it requires to use more energy or chemicals

to overcome these difficulties.
2.3.1.3 Dispersion of MWCNT4ang surfadans

To disperse MWCHN without causing excessive damage to their surface, surfactants have
been commonly used. The basis for this technique involves combining MWCNT with
surfactants into aqueous solution after which ultrasonic mixing is used to separate the
MWCNT bundles. Manyresearchers have studied the use of surfactants to disperse
MWCNT in cementitious materials using a range of different types and concentrations.
Jang et al. (2015) investigated mechanical properties of cement paste reinforced by
MWCNT and dispersion. Theysed ADVA Cast 575 (Grace Corporation) as the

surfactant and studied its effects on cement paste properties. This surfactant was a
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polycarboxylatebased watereducing admixture and was added at 0, 0.1, and 0.5
percentage by weight of cement. Dispersioi®WCNT was controlled through both
surfactantaise and ultraonication. MWCNT percentage raged from zero to 0.5% by the
mass of cement. Ultreonication energy was 22 KHz and pulse mode has been used,
cycles of 15 seconds on and 15 seconds off. Thgmet@nt evaporation, the sample was
put in an ice bath throughout the sonication process. It was found that MWCNT in distilled
water without surfactant tended to agglomerate and settle immediately, indicating their
instability in distilled water. On the lo¢r hand, the presence of surfactant with MWCNT
led to enhanced dispersion. It was observed that surfactant had a positive effect on
dispersion of MWCNT in cement matrices. According to this research, the compressive
and tensile strength oMWCNT/cement composites with surfactant increased for
percentage of MWCNT betweer0023%. The compressive strength increased by 20%,
and the tensile strength also increased by 40% for 0.25% of MWCNT with added

surfactant.

Metaxa et al. (2012hvestigated the effect dighly dispersed MWCNIbased materials.
Surfactant (SFC) was used and the proportions of surfactant to MWCNT were 0, 1.5, 4.0,
5.0, 6.25, and 8.0; the cement paste had a w/c=0.5 reinforced with 0.08 wt. percentage
MWCNT. Furthermore, a 500w ctlporn highintensity ultrasonic processor was used for
sonication with constant energy, a cylindrical trip and temperature controller. The

temperature controller was used to prevbabverheating of suspensions.

According to results, individual MWCNT wereonly noticed on thefailure surface for
the sanples which hadsurfactant with a proportion of sufactant to MWCNT between

4- 6.25. A higher average load wasincareased atall agesfor the sampleswith a surfactant
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to MWCNT ratio of 4.0 and a less averageload was noticedfor sampleswith a sufactant
to MWCNT ratio lower or higher than 4.0. The authors suggested thatlower
amount of sufactant meant lower moleculeswereabsarbed to the catbon surface leading
to decreasegrotection from agglomeraion. On the other hand, the higher amount of
sufactant could leadto bridging flocculation between the surfactant moleaules. However,
an increase@dmount of surfactant could cause a decease of the electrostatic repulsion

forces between the MWCNT.

Sobolkina and others (2012) studied the effect of dispefsiotwo types of carbon
nanotubes (CNTs) on the mechanical properties of the cement matrix. Twoofypes
surfactant were used; the first was an anionic sodium dodecyl sulfate (SBZ38188

g/md) and the second type was a nonionic polyoxyethylene (23) laurylether (denoted
below as Brij 35, MW = 1198g/mol). The proportions of CNT to surfactant were 1.0, 1:1
and 1:2. Furthermore, the minimum proportions were 1:0.24 for CNTs with SDS and
1:0.02 for Brij 35. For sonication purposes, cbprn highintensity ultrasonic
homogenizer with a cylindrical tip was used at an amplitude of 70% of the maximum.
Sonication periods were 30, 150, 210 min. A sonication period of less than 30 minutes
was unacceptabl@due to the poor quality of dispersion. Furthermore, evaporation of the

water during sonication was controlled by covering and cooling the glass container.

UV-VIS Spectroscopy was used to study the relationship between CNTSs, surfactant
concentration and sacation time. It was found that better dispersion was achieved with

CNT/surfactant ratio equal to 1i11:1.5 and a sonication time of 120 min.
Abu Al-Rub et al (2012)nvestigatedthe effeds of adding surface-treated and untreated

carbon nanofibers (CNF) to nanocomposite cement. A solution of sulphuric add
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(H2S04) and Nitric acid (HNO3) wasusedto functionalize sufacetreated nanofilaments

and an ultrasanic mixer was used for dispersal.Two concentrations of untreaded and

treaded CNF and ONT wereusd, the first was0.1% by weight of cement and the seond
concentration was 0.2% by weight of cement. A commercial superplasticizer,
ADVA cast 575 (Grace Coporation) was usedaassurfactant in a ratio of 0.005
surfactant/cement. This amount of surfactant was found to be insufficient as there were
sone difficulties in putting the solution into thmoulds However, delayed hydration
could have occurred if amounts of surfactant were increased. Cement paste showed better
mechanical properties with untreated nanofilaments and this may have beemelberto
dispersion through surfactant action and sonication. In addition, treated nanofilaments
produced weaker mechanical propertigsis could be explained by the presence of the
excessive formation of ettringite due to the presence of sulphates.

Surfacant effects on dispersion MWCNT in aqueous solution were investigated by Yu

et al. (2007). Different amounts MWCNT were added in aqueous surfactant solution
with different concentrations of the surfactant sodium dodecyl sulphate (SDS;90%). The
resuls of this study showed that surfactant molecules were absorbed on surfaces of
MWCNT preventing agglomeration but the greatest concentratidWENT found to be

well dispersed in agueous surfactant solution wasvi%.

In summary: as described abgwkis methodhas many advantages such as it enables
MWCNT to disperse iragqueous solutioand cementitious compositesthout causing
excessive damage to their surfaces as well as maintainingritlieab propeties of
MWCNT. However, as discussed abothés methochas manylisadvantages sués, low

amount of surfactant coulcausepoor dispersion of MWCNTn aqueous solution and
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cementitious composite@.e. agglomeratiorof MWCNT in cementitious composites
induces stress concentration limiting the strength of cementitious compositiesading

to a nonhomogeneous microstructure thereby providing moderate performance
enhancement of cementitious matepiadigirthermore, kv amount of surfactamould lead

to lack of workability(i.e. difficulties in putting fresh mixes into mouldsh the other

hand, lgh amount of surfactants could delay hydration process of cementitious composites
as well ast could leadto bridging flocculation between the surfactant moleaules andcould

cause a decrease of the electrostatic repulsion forces between the MWCNT.
2.3.1.4 Dispersionia physical techique @ltrasonication)

Dispasionof MWCNT using physical methods such as ultrasonication has been widely
researchedDifferent amounts of energy and time durations have been used for instance,
(Dassios et al., 201pinvestigated the effects of sonication parameters susbrasation

time and intensity on homogeneous surfactasisted dispersion of MWCNT in aqueous
solution. Inthis study a range of different sonication times and intensities were used. In
addition, liguid mode laser diffraction and SEM were used to study the dispersion of
MWCNT in surfactant aqueous solution and the effects of sonication parameters on the
tube &pect ratio. The results 8fassiof s st udy showed that an en
min-1MI-1 is applicable for a duration of 90 min to achieve well dispersed MWCNT and
without significant change to the tube length (thereby indicating minimal damage to
MWCNT structure) with the same experimental conditions specific to this study. However,
according to previous researche can conclude that ultreonication alone was not

sufficient to achieve welllispersed MWCNT. Figure 2.17 illustrates the mechanism to
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make cavitation bubbles which create shear forces to disperse MWCNT by physical forces

by ultrasonication method.

AL
XXX

Cavitation Bubble Grows Implosion& Resulting
in Negative pressure Shearing Forces

Amplitude Pressure

Figure 2.17: Shear forces created by cavitation bubbles are created in time of
ultrasonication (Alhelfi and Sunden, 2016)
In summary, as described abouttrasonicatiormethod is commonly used to separate the
bundlesof MWCNT to individual tubesand it could be used with other method to help
dispersion procesblowever, as discussed abothes methodchas many disadvantagése
it could causesignificant change in length of MWCNTdue to shear forces during
sonication. FurthermorelWCNT tend to settle down immediately, indicating their

instability when ultrasonication was used only.

2.4.0 Cementitious materials reinforo@dh nanomaterials

2.4.1 Carbon Nanotubes reinforced cementitious composites

CNTs are employed extensively in many fields of nanocomposite materials due to their
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original mechanical, thermal, chemical, and electrical properties. In cementitious
nanocomposites, unddre conditiors of uniform dispersion of CNTs and good bonding
between CNTs and the hydrated cement matrix, the addition of CNTs to cementitious
composies materials could result in excellent mechanical properties through effective
crack bridging.

Earlier attempts have been made to add CNTs in canentitious matrices at amounts
ranging from 0.5 to 2% (by the weight of cement). The mgor chalenge associated

with the incorporation of CNTs in cament-based matricesis poor dispersion. Poor
dispersion of CNTSs leads to a formation of many defectsitesin nanocomposies and

limits the efficiency of the CNTsin the cement matrix. Frompreviousstudies, CNTs can

alsohave aneffect onthe ealy hydraion process producing higher hydréion rates.

Abu Al-Rub, (2012) studied the medanica propeties of nanocomposie cement
incorporating surface-treated and untreated CNTs and CNFs. Different dosages of
CNTs and CNFsvereadded to a cement paste with/without chemica treatment. 0.1%
and 0.2% of both CNTs and CNFswere put into the cement paste by the weight of
cement. Furthermore CNTs and CNFswere also dded in a solution of sulfuric add
(H2S04) and nitric add (HNOs) for surface treament. An ultrasonic mixer was used
for dispersing CNTs and CNFs by producing air bubbles. The Young& modulus,
flexural, ductility and modulus of toughness of cement pasterere reordedat 7, 14 and
28 days. SEM was used to investigatethe microstructure of cement paste. Experimental
results showed that thechemical treatment demeaned nanomateriamecdanical properties.
In contrast untrested CNTs and CNFs ontributed to an enhancement of medanical

propertties. Averageductility increasedy 73%, the flexural strength increasedoy 60%,
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the average Young@ modulus increasedy 25% and the average modulus of toughness
increasedoy 170%. Figure 2.18 shows SEM image ofitreated MWCNT embedded
in cement pastand work was undertaken by the MWCNT to bridge cracking and to

decrease crack propagation at nano level.

Figure 2.18: SEM image otintreated MWCNT embedded in cement paste bridging a

nanasized crack

Theobservedmprovements in the mechanica propeties of cement could have been
gained due to the existence of interfacial bonds between the Nano filaments and cement,
however these improvements were not seen for sutfeated CNFs. It could be
concluded that the chemical treatment has negative effects on the mechiauedies,

and these may have been caused by excessive formation of ettringite due to the existence
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of sulphates. Although there is a clear increase in flexural strength, ductili¥candn g 6 s
modulus, there is a limitation in crack bridging of microcsaakd there is agglomeration

of CNTs in cement, which induces stress concentrations limiting the strength of the
cement pastes. Manstudies have examined the relationship between MWCNT and
cementitious compositetn 2015, LU et al. published a paper in which they described

the effects of addition GO/MWCNT compaosites to cement paste. The dispersion of
MWCNT in the GO solution were examinedvia UV- vis spectroscopy and optical
microscopy and MWCNT were found to be better dispersed in the GO solution than in
aqueous solution alone. This may have happened due to the higher electrostatic repulsion
produced by the GO. In addition, it was also shown that the additiG@OdMWCNT
composites t@ement paste improved compressive strength and flexural strength of cement
paste by 21.13% and 24.21% respectively. Howeher,addition of only MWCNT to
cementitious composites improved compressive strength and flexural strength of cement
paste by 6.40%nd 10.14% respectively; and the addition of only GO to cement paste
improved compressive strength and flexural strength of cement paste by 11.05% and

16.20% respectively.
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Figure 2.19: Mechanism of GO/MWCNT/cement paste composite with enhanced

mechanichpropertiegLu et al., 2015)
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Clearly there was a synergistic effect resulting in improvements in both compressive
strength and flexural strength. This improvement of cement paste by addition
GO/MWCNT composits is most likely due to tow effects. First, the better dispersion of
CNTs thereby more CNTs contribute to the mechanical improvement of cement paste.
Second, the two phases of hydration produc& K and Ca(OH) are likely connected

as shown in figure 29 with GO and CNTSs together. GO sheets interlock with cement
hydration products and at same time bridge CNTs by chemical bonding thus the
mechanical properties of the GO/CNTs/cement paste are significantly enhanced.
Although there is clearly an increasebioth flexural strength and compressive strength;
there are limitations with crack bridging of microcrackse to the short CNTs do not
have the length to bridge the cracks with a large widgfglomerations of MWCNT in
cement (which induce stress concatitms limiting the strength of the cement pastes)
and further GO is an expensive material to use as surfactant agent, and hence not suitable

for large scale industrial use.

The effect of ultrasonication on dispersion and mechanical properties of MWCNT
cement mortar was studied by S. AlrekgB15. The results of this investigation show

that for modest sonication intensity there is a requirement for longer duration of
sonication, which could lead sodeclinein the aspect ratio of MWCNT by fracturing the
tubes. In case of higher sonication intgnghere is rapid sonication of MWCNT.
Furthermore, a significant increase of the individual dispersed tubes in water were shown
with intensive sonication with surfactait.decline inthe aspect ratio was noticedhilst
observingindividual tubes but alsthat this could cause loses in reinforcement effects

due to limitations in length to bridge microcracks.
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Callins et a., (2012) discussed the dispersion, workability, and strength of CNT-OPC
paste mixtures with and without severa genericaly different dispersant/ surfactants
as admixtures. These admixtures were air entrained, styrene butadiene rubber,
polycaboxylates, calcium naphthalene silfonate, and lignosulfonate formulations. The
results of their investigaions siowed thatfor CNT in aqueous solution onlhere
areCNT agglomeraionsin agqueous solution, despitemechanical agitation by magnetic
stirring and ultra-sonication which wasused for dispersionurthermore, CNTs were
dispersed in agueous solutions by air entrained but it can be doserved that sedimentation

happened within days o f mixing.

CNT Agglomerations

Figure 2.20: CNT Agglomerations in fresh cement pa@@ellins et al., 2012)
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In addition, properdispersion of CNT in agueous solutions was achieved after
ultrasonication with polycatboxylate and lignosulfonate admixtures. A little visible
sedimentation was obsaved even 9 days following mixing that gives an indication of
properdispersion of CNT in aqueous solutiorRurthermoredespite proper dispersion
of CNT in aqueous solution witthe lignosulfonate admixtur¢he addition of CNT
to OPC paste mixturesdecreses gtength and consistency that could be caused by the
existence of agglomerates of CNT as shown in figure 2.20 and figureaB@®1hat lead
to a declinein compressive strength. Althoughe compressive strength of CNOPC
paste enhanced with an additioh polycarboxylate tahe mixture therewas a clear

reduction in workability.
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Agglomeration of CNTs

!

Figure 2.21: Typical SEM images of Agglomerations of CNTs in cement pastes

(Collins et al., 2012)

Sobolkina et a. (2012) studied a dispersion of CNT and the mechanical properties of
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cement matrices. Sonication with anionic and -fmc surfactants in varying
concentrations was used in this study.-MM5 spectroscopy was used for determining

the relationship between the quality of CNT dispersion, the sonication time and surfactant
corcentration. The visual observations by SEM revealed that most nitcmged CNT

were observed as individual broken CNT. In addition, the destruction of CNT caused by
sonicationwasnotidentifiedafter the treatment @fmixture of single, double and muti-

walled CNT.

Furthermoretheimprovement of cement pastes by dispersed CNT lead tocreasén

the compressive strength by 40%. In contrast, no significant enhancement was seen for
quaststatic loading. The investigation at microscopic level shothatthe bridging of

the GS-H phases changed depending on types of CNT. Lastly, the CNT addition has
positive effects on mechanical properties of hardened cement paste. According to the
results of the study, a better result could be obtained when tbeofafNT-surfactant

was 1:1- 1:1.5 and sonication time about 120 min.

A discontinuous network or individual fibres were seen by microscopic examination in
cement pasteith CNT. This shape of distribution happened as the CNT have insufficient
length caued by shear forces during sonication and by misalignment attributable to
twisting and curling. Hence, CNT did not hat ability to bind neighbouring &-H
clusters and to bridge the voids between them. The lack of improvement in the tensile
strength of the cement matrix minereforebe explained by CNT ngossessingnough

ability to bind and bridgéhevoids Finally, dthough CNT exhibited proper dispersion in
anaqueous solution, there was destructdb@NT (broken and short CNT was obseryed

and the dispersion was not fully achievedha cement matrixThis causes the loss of
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reinforcement benefit artielack of aility to bridge cracks inthecement matrix.

Musso et al. (Musso, Tulliani et al. 2009) studied the effetiteddditionof three types

of MWCNT (asgrown, annealed and functionalized) to cement mortar (0.4:1:1.5) on its
flexural and compressive propertiéhermogravimetric analysis (TGA) was used to
evaluate the phase composition of compositesX-ray diffractometer (XRD) was
operated to anabe mass spectroscopy (MS), and SEM techniques were employed to
investigate microstructure and the mineralogy. The observations from the flexure test
results seem to indicate that the addition of carboxyl functionalized MWCNT led to a
40%decrease in thersingth ofthe cement mortaandthe addition of pristine MWCNT

led toa 34%increase in flexural strengtiihe flexural strength of cemebased materials
increasedy about 9% with annealed MWCNTompressive strength test results showed
comparable trendwith compressive strengtiesulting ina sharp drop with carboxyl
functionalized MWCNT. Although there is a clear increase in flexural strengthtivéth
addition of pristine MWCNT anda slight increasagainwith the addition of annealed
MWCNT, there is dimitation in bridging microcracks and agglomeration of MWCNT
evidentin cement especially, which indigstress concentrations limiting the strength of

the cement pastes.

Xu et al (2015 compared the microstructueandflexural and compressive strehgpf
unreinforced Portland cement paste versus Portland cement paste reinforced with
MWCNT. The test includé MWCNT of 0.0% to 0.2% by weight of cement. The use of

an additional 0.4vt% MWCNT improved the results dhe mechanical properties of the
cement pastencreasinghe compressive strengths atldy and 2&8layintervalsby 22%

and 15% respectively. The flexursitength of cement pastappearedo improvewhen
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reinforced with MWCNT Themicrostructureobtained by SEM analysisan be seen in
the visual observations below. Figure 2.22(b) shogsadispersion of MWCNT iran
agueous solutiowith individual MWCNT forming after dispersioywhile figure 2.22a)

shows bundles and large agglomerations of MWCNT before dispersion.

Figure 2.22: SEM of MWCNT: (a) before dispersion (b) after dispersi{tu et al.,

2015)

In addition, debonding, crack bridging and mesh filloagn also be observed from SEM
as shown in figure 2.23n figure 2.28a) the corresponding MWCNT was oriented along

the samalirection and had the same size, thereby it is presumably a slip of a MWCNT
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and debonding occurred. It can be observed in figur€l®.28t MWCNT workon crack

bridging and in figure 2.48) a MWCNT was between cement hydration products.

In order to measure pore distribution in the MWGCMiInforced cement pastes
pressurednercury testing was usetihe findings showed that the pore size distribution
tend to gel pores, which have a positimience on mechanical strength. Interestingly,
the addition of MWCNT to cement paste did not lead to high increase of mechanical

properties of cement paste but it led to a slight improvement.

Li et al. (2005 compared the mechanical properties of unreiced cement paste versus
reinforced cement paste with modified MWCNT by using @& and HNQ mixture
solution. From the test results, the treated MWCNT effectively imgrtve mechanical
properties of cement paste atie failure strain of cement. Inrder to determine the
porosity and pore size distribution of the composites, Mercury intrusion porosimetry was
employed and it can be observed that the porosity decreased with the addition of MWCNT.
Fouriertransform infrared spectroscopy was used to chariae the phase composition.
The results showed that MWCNT and the hydrations of cement have interfacial
interactions between each othArhigh bonding strength between the reinforcement and
cement matrix will be produced by these interfacial intevastiSEM was used in order

to analyse the mineralogy and microstructure of cement petstevisual observation of

the microstructure obtainethroughSEM analysis revealed evidence of crack bridging
across cracks by MWCNWwhichexplairs the load transfein case of tension. Although
there is a clear increase in flexuesdd compressivetrength withthe additionof treated
MWCNT, the chemical treatmenta@sophisticated procesgichinvolves many chemical

materials.
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Figure 2.23: SEM image of (aylebonding, (b) crack bridging, and (c) a single CNT in

hydration productgXu et al., 2015)

Al-Rub et al (2012 compared the flexural strength of unreinforced cement paste versus
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the flexural strength of cementitious nanocomposites reinforced by different
concentrations of lony\WCNT (high length/diameter aspect ratios of 1250650 and
shortMWCNT (aspect ratio ohbout 157 in cement pastéMechanical properties of the
cementMWCNT composites were evaluatedraervalsof 7, 14, and 28 days by flexural
bending tests. The results of flexural strength for shoriv@?2 MWCNT and long 0.1
wt% MWCNT can be comparedith theresults of the plain cement sample at 28 dkys
found that there was increase by 269% and 65% respectivbigh shows that the
addition of short 0.4vt% MWCNT and short 0.2vt% MWCNT led to anincrease in
ductility at 28 days by 86% and 81%pestively. It seems that there is little to distinguish
between the mechanical performance of nanocompositeslsithconcentration of long
MWCNT andthemechanical performance of nanocomposites afitigher concentration

of shortMWCNT. The visual obs®ation ofthemicrostructure obtained by SEM analysis
revealedevidence ofmnicro-crack bridging Therehad beerbreakage andithdrawal of
MWCNT across the micraracks as shown in figure 2.2flhe resultsshow a clear
increase in flexural strength and ductility wite addition of short 0.2wt% MWCNT

and long 0.wWt% MWCNT, however, there is variability in the results. Although all
samples are cast from the same amixicuredunderthe same conditionsith a wiform
distribution of MWCNT in aqueous solutipmll these processes do not guarantee a
uniform distribution of the MWCNT in the compositéhis hasled to a nonuniform
distribution of stress in the composite beam and will cause variability in the dexur

strength from one sample to another sample of the same composite.
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Figure 2.24: SEM image showing the mici@racking bridging and breakage of the
MWCNT within the cement paste compogitdu Al-Rub et al., 2012)
The nonuniform distribution of MWCNT in the composite could be caused by the
assembly of cement grains once added to the aqueous solution. These grdihs wou
hydrate and work as a filter preventing MWCNT to pass among the grainsgéac

large area with few MWCNT and othareaswith large agglomerations of MWCNT as
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shown in figure 2.25More details were discussed in the papdigson et al., 2011)

Figure 2.25: SEM image of MWCNT agglomerations withirsmall area of cement
paste(Abu Al-Rub et al., 2012)

Jang et al.(2019 investigated mechanical properties of cement paste reinforced by
MWCNT and the dispersion ®iWCNT. A surfactant was used and the effect of surfactant
on cement paste properties was studied. ADVA Cast 575 was used. This surfactant was a
polycarboxylatebased water reducing admixture. A surfactant was aolglpdrcentagef
theweight ofthecement(0, 0.1, and 0.5).
Surfactant and ultraonication were used to control dispersion ofNW#CNT. MWCNT
percentage raed from 0 to 0.5% by the mass of cement. tBtvaication energy was 22
KHz and pulse mod&asused, cycles of 15 seconds on and 15 secofid3teen, to

prevent evaporation, the sample was put in an ice bath throughout the sonication process.
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It was found thaMWCNT in distilled water without surfactant tended to agglomerate and
settle immediatelywhichindicatessthatMWCNT were unstable inigtilled water. On the

other hand, the presence of surfactant WiWWCNT led to enhanagdispersion. It was
observed that surfactant has a positive effect on dispersMW&NT in cement matrices.

The compressive and tensile strengthMMVCNT/cement compsites with surfactant
increasedhe percentage oMWCNT by between €.2%%. For the samplef 0.25% of
MWCNT with a surfactantthe compressive strength increased by 20% and the tensile
strength increased by 40%. The study of mechanical properties of cement paste reinforced
by MWCNT is considered the most important lituis clear that further researcilaing

to thedispersion oMWCNT is necessary

KonstaGdoutos et al(2010 studied the effect of highly disperseWWCNT on cement
based materials. SFC as a surfactant was useth@prbportion of surfactant tWCNT
was 0, 1.5, 4.0, 5.0, 6.25, and 8.0. Thesantitiesof surfactant were added to cement
paste (w/c=0.5) reinforced with 0.08 wt. percentsy CNT. Furthermore, a 500w cup
horn highintensity ultrasonic processor was used for sonication with constamfyeaer
cylindrical trip and temperature control. The temperature control was used to pghevent
suspensionfrom overheating. It has been observed that only indivitlMICNT were
noticed on the failure surface for the sampidsch have surfactant with argportion of
surfactant taMWCNT between 46.25 as shown in figure 2.26. A higher average load
strength was increased at all ages for the samples with a surfactant to MWCNT ratio of 4.0
and a less average load strength was noticed for samplessuitfactant to MWCNT ratio

lower or higher than 4.0.

72



The results showed that a lower amount of surfactant measmdlecules are absorbed
to the carbon surface nanotulaesithis could lead to lower protection from agglomeration.
On the other hand, the highamount of surfactant could lead to bridging flocculation

between the surfactant molecylathougha huge amount of surfactant causes a decrease

of the electrostatic repulsion forces betweenMNECNT.

Figure 2.26: Dispersion of MWCNT ircementitious composite at 6.25

surfactantMWCNT (KonstaGdoutos et al., 2010)

In Summary: as discussed o, using MWCNT in cementitious compositbas
advantages such a#je MWCNT reinforced nanocomposites exhibit higher flexural
strengt h, ductility and youngos modul us
However, as discussed abotreés method hasanydisadvantagesuch as agglomerations

of MWCNT which induces stress concentrations limiting the strength of cementitious
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compositesandleading to a nonhomogeneous microstructure thereby providing moderate
performance enhancement of cementitious matertaighermore, there are limitations in
crack bridging some treatmestcould change the length of MWCNTherebybroken
MWCNT and discontinuous network of MWCNiFe resultechenceMWCNT do not have

the ability to bridgeneighbouringC-S-H clusters and bridge the voids between them

2.4.2 Graphene Oxides (GO) reinforced cementitious composites

Recently an investigation was performedby et al., 2013yegarding the effects of GO
nanosheets on mechanical propertandthe microstructure of hardened cement paste.
Testing mechanical strength and SEM provide a convenient way for detecting shape
changes of cement hydration crystals and mechanical strength. Oxidization and ultrasonic
dispersion were employed to prepdsO. Figure 2.27 revealed that flowie crystals
formed due to regulation caused by GO nanosheets fajure 2.28 illustrates the
schematic diagram dhe regulation mechanism of cement hydration crystals with
presenceof GO nanosheetsvhich work as a template to regulate cement hydration
crystals. Many oxygen functional groyfscluding -OH, -COOH and-SG:H, are on the
surface of GO (figure 2.28)). These functional groups react witbSC GS and GA and

the hydration products formed at thewth points ee shown in figure 2.2@). At these
growth points on the GO surface, the hydration reaction continues to take place (figure
2.28c)). The surface characteristics of GO control the growth points and growth pattern
of the hydration productshus GO hastemplatelike effect and thereby could produce
many neighbaring rodlike hydration crystals from a thick coluniike shape and flower
shaped crystals (figure 2.@). These column products which grow on the GO surface

in one direction dueotlimited spaceroduce great stress around them, saving the column
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shape These column products contairEH, Ca(OH) and rodlike Aft andAFm. When

the growth of the columnshaped crystals take place in a pore, crack or loose structure
they form the flaver-like crystals due to available space around them which esthbl®

to grow in this shape (figure 2.@9. These flowetlike crystals disperse in pores and
cracks and work as fillers thus mininmg crack propagation angmarkably increasg

the tende/flexural strength of cement composites.

'
s

g 7 5.00um

Figure 2.27: SEM image of cement hydration crystéls et al., 2013)

From the results, there is a clear increasé¢he tensile/fleural strength of cement
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compositehowever, there is a limitatidior theuseof GO in construction matergsince
there are health issues, complex procesdes productionand GO isan expensive

materia) which prevenits use oran industrial scale.

Water Flower-like frystals formed

Initial stage of hydration reaction Hydration crystals initial froming

Figure 2.28: Schematic diagram of regulation of GO on cement hydration cry@tals

et al., 2013)

Lv et al.,(2014a)investigated the influences of GO nanosheets with different sizes and
dosages on the mechanical strengtlcementitious composites, cement hydration and
crystal shapes. The visual observatiortte microstructure obtained by SEM analysis

revealed that at low GO dosage (<0.03%)) floVikex crystals are more prominent and at
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high dosage (>0.03%) polyhedrallamellar crystals are more prominent. The mechanical
properties of cement paste increased significantly with smaller GO nano&essd on

SEM imagesthe addition of GO nanosheets to cement paste can promote the production
of rod like crystals and asmbly of flowerlike crystals at low dosage and polyhedral and
lamellar crystals at high dosage. Figure 2.29 rebalformationof flower-like crystals

due to regulation caused by GO nanosheets at low ddsggee 2.30 shogthe formation

of polyhedr& and lamellar crystals due to regulation caused by GO nanosheets at high

dosage.

54800 3.0kV .3mm x30.0k SE(M)

Figure 2.29: SEM image of cement hydration crystéls et al., 2014a)
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Figure 2.30: SEM image of cement hydration crystély et al., 2014a)

It is important to highlight that the formation of flowéte crystals in holes and cracks in
cement paste, filling these and developing multipoint nétwamnnections, has great
impact on the flexural strength, porosity, pore diameter, and based on SEM images dense
and crosdinked structures are observed at all the crystal types. The reduction of porosity,
pore diameter and dense structure help to emhdme mechanical properties of the
cementitious composites. Finally, the results of this research show that the formation and
properties of cement hydration crystals and the mechanical strength of cement paste are
greatly affectegositively by the additimmn of GO nanosheet$rom the results, there is a

clear increase the tensile/flexural strength of cement compositavever, GO ia very
expensive material and difficult to use in construction material due to health issues and

sophisticateghrocesses to produce GO.
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Lv et al.,(2014b investigated the effestof GO nanosheets on the mechanical strength
of cementitious compaes and cement hydration crystal shapHEse oidation of
graphite was employed follang sonication exfoliation to prepare GO nanosheets. The
investigations on the GO nanosheets by FTIR and AFM (figure 2.31) showed that the GO
nanosheets have a thickness of about 6 nm and the GO surface is covered with oxygenated
groups (OH, 1 Oi, TCOOH andi SG:H). In addition, many oxygen functional groups
including -OH, -COOH and-SQ:H, are on the surface of GO (figure 2(82. These
functional groups react with2S, GS and GA and the hydration products formed at the
growth points ee shown in figure 2.3(b). At these growth points on the GO surface, the
hydration reaction continues to take place (figure @)32The characteristics of GO
control the growth points and growth pattern of the hydration products, thus G® work
like a template GO couldtherdore produce many neighlbong rodlike hydration
crystals from a thick columbike shape, floweshaped crystals and polyhedrsimape
(figure 2.32d)). These columitike products on the GO surfageow inone direction due

to compact spacelhe compact space createsraaf) stress around thekeepingthe
column shape€rhese column products contaifSeH, Ca(OH» and rodlike of AFt, AFm

(figure 2.32e)). When the columishaped crystalgrow in a pore, aack or loose
structure they form the flower like crystals due to available space around them (figure
2.32f)). These flowetike crystals disperse in pores and cracks and work as fillers thus

minimizing crack propagation.
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Graphite oxide

Figure 2.31:(a) SEM image of graphitéb1) photograph of the graphite oxide dispersion
(b) SEM image of the graphite oxide membrafed) photograph of the GO nanosheet
dispersion (c) AFM image of the GO nanoshege(sl) proposed mechanism for the
formation of theGO nanosheetd.v et al., 2014b)

From the results, there is a clear increase the tensile/flexural strength of cement
composite. These mechanical properéiee markedly increased withe addition oGO

nanosheetdue to regulation of the-S&-H and G(OH)2 whicharecontrolled by GO.
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Polyhedra stage (28d) Polyhedra crystals initial stage(1d)

Figure 232: Schematic diagram of the regulatory mechanism of GO nanosheets on
cement hydration crystdlsv et al., 2014b)

Horszczaruk et al(2015)compared the properties of plain cement paste versus reinforced

cement paste with-&t.% of GO.At anearlystage,the mechanical response of tO-

reinforced cement a&s investigated. Infrared, Ramaand XRD techniques were

employed to investigate the kinetics of the hydration process. In order to investigate the
morphology of the nanocomposite, SEM was uddt results of this study show that

cenment nanocomposite with-8t % GO exhi bited enhanced Yc
addition, the kinetics of the hydration processnot strongly affected by GO addition.

Furthermore, based on SEM images of hardened cement pastes containing GO, it is found
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that themorphology ofthereinforced sample is almost the same as the reference. From
the results, there is a clear enhancement
a uniform distribution of GO flakes iime cement matrix.However, therarelimitations

in the use of GO in construction materilsince thereare health issues, complex
productionprocessesindit is anexpensive materiagprevening its useon anindustrial

scale.

Babak et al.(2014) presented a paper on the effect of GO on the mechanical properties
of cement composites. In order to improve the dispersion of GO flakes in the cament
polycarboxylate superplasticizer was usBuke experimental work includes measuring the
mechanical pperties of plain cement paste and-G&nent nanocomposites containing
0.1 2-wt.% GO and 0..wt.%. The results showed that the addition of 1.5% GO per mass
of cement resulted in increased tensile strength of 48% in cement composite. In order to
observe tb fracture surface of samples containing\it®6 GO, ultrahigh-resolution

field emission scanning electron microscopy FEEM) was used. The observation of
fracture surface obtained by FEM revealed that the homogeneous distribution of the
GO flakes inthe matrix was observed. In addition, effective bonding between the GO
surfaces and the surrounding cement matrix was observed. Moreover, XRD diffraction
data showed that the addition of GO additives improve the formation®HQel in
cement compog. From the results, there is a clear enhancement of the tensile strength of
cement composite due to homogeneous distribution of the GO flakes in the matrix,
improving the formation of &-H gel in cement composite and homogeneous distribution

of the GO flaks in the matrix.

In Summary: as described above, addition GO to cementitious composites has many
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advantages such dhg tensile/flexural strength of cementitious composites increases and
the microstructure of cementitious compositespositively modified (i.e. GO has a
template like effect and thereby could produce many neighbouringkeodhydration
crystals from a thick columhke shape and flowelike crystals. These flowdike crystals
disperse in pores and cracks and work as fillers therebynmaing crack propagation and
enhancing the tensile/flexural strength of cement comppsitesvever, as discussed
above, there many limitations such as, the GO is expensive material, which prevent its use

in industrial scale and ifsroductionprocess isophisticated
2.4.3 Cellulose nanocrystals reinforced cementitious composites

Cao et al.(2015 studied the effects dhe additionof CNC to cementitious composites.
Seven percentages@NCrangng from 0% to 1.5% by the volume of cement were added
to cementitious compositesnAncrease of approximateB0% wasnoticed for flexural
strength for cementitious compositith a0.2% volume ofCNC with respect to cement.
The rate of hydration of cementitious composite increagddthe use of CNC, which
was observedthrough sothermal calorimetry (IC) and thermogravimetric analysis
(TAG). In addition, this increased hydratiornute be explained by two mechanisriite
first mechanism is steric stabilization which dispsiment particlesimilarly to that

of many water reducing agent&/RA). The second mechanism is short circuit diffusion.
It seems that this mechanism incredsgdration rate by increasing the transportation of
water from outside the hydration products to deRydrated cement cores. Figure 2.33
shows a comparison between Biptages of plain cementitious composite and 1.5%
CNC cementitious composite, one interegt feature observed by 1.5%&NC

cementitious compositgas that a ring forradaroundthe ddwydrated cement grains. The
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adhering ofCNC onto cement particles led to the steric stabilization effect. rest,a
continuation of thdydration proces®bk place as shown in figure 2.3#ustrating how
CNCmay increase the hydrationtbiecement grain that hav@NC on their surfaces due
to steric stabilization effeciThe resultsshow a clear increase of flexural strength of
cement composite having 0.2% volumeGNC with respect to cemenitiowever,CNC
are short fibresherdoy significanty limiting their ability bothto work as crack bridging
and to improve the degree of hydratignas they couldonly transfer water to limited
distance. Furthermore CNC areone dimensiondiibre thusthey canonly work in one
dimension comparedvith GO6 swvo-dimensionafunction Lastly, the addition of CNC

in high percentages problenatic in thattherecould be aack of uniform dispersion

therebyrequiringthe useof more energy or chemicstio disperse them.
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Pores filled with epoxy
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Figure 2.33:BSE-SEM images of (a) reference and (b) 1.5% mixture at the age of 7
days. The 1.5%NC mixture shows ring features surrounding timaydrated cement
cores(Cao et al., 2015)

In 2016 Cao et al. published a paper in which they described the influeG&&Cain the
microstructure of the cemempiaste. They have used a novel centrifugation method to
measure the concentrations of the adsorbed cellulose nanocry§tal€)an the cement
surface and the free cellulose nanocryst&E) which are mobile in water. The results

showed that there ian increase in the degree of hydration and there is reduction in

porosity.
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Figure 2.34: A schematic illustration of the proposed hydration products forming around
the cement grain from the age ef18 h in the (a) plain cement and (b) cement WINC

on a portion of the cement particle showing short circuit diffugizao et al., 2015)

In addition, the nanoindentation results showed that there is an improvement of reduced
modulus of highdensity GS-H. The reason for the improvements might be the high elastic
modulus of CNC, which range from 110 to 220 Gpa, which is higher than thaheof t
interfacial region (high density-S-H) that have elastic modulus about #00 Gpa. For

this reason, the elastic modulus of hignsity CS-H can be increased bNC and
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another possible reason for this improvement is @BEC additions could cause a
modification to the €S-H (e.g. its structure or chemistry etd)espite, the success
demonstrated with this methoit,suffers limitations for instancethe ability to crack

bridging and the enhancement of the degree of hydration are limited becausitlaeeC
short fibres. In addition, CNC work in one dimension ahlg toCNC areone dimensional

fibre thus their effects are limited to one dimension

Monica Ardanuy et al(2012 examined the addition of Nano fibrillated cellulose (NFC)

in thecement mortar compositeBhe experiments were performed to examine the effects
of the extent of fibrillation of the fibres and the reinforcement final size on the mechanical
performance of cement compositéa:o types of fibresvereused in this researctiefirst

type was conventional pulps obtained by subjecting sisal fibres to a soft mechanical
treatment Thesecond type was NFC pulps obtained by the application of a high intensity
refining process. These fibres were dispersedement mortars and the samples were
cured for 28 days. Flexural tests were used to test the mechanical performance of the
different composites. flexural propertiegdhaproved withtheaddition of NFC to cement
mortar. From the results, there is a cleacriease of flexural strength of cement composite
havingNFC with respect tdhe cement composite having conventional pulgewever,
thecement compositeith NFC showed brittle behaviowue totheNFC contribuing low
capability to bridge incipient craskbridging This wasbecause of their small size.
Additionally, NFC has a high agectratio which producesan enhanaaentof fibre-matrix
interaction, resulting in an excessively strong fibmatrix bonding whichalthough
includes anore effectivestress transfer frortine matrix to theNFC, consequentlalsoan

embrittiement of the composite. In addition, an optimisation of the refining time is required
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to obtain lang NFC fibres to improve the ductility whileetairing the flexural properties

of cement composite.

Mejdoub et al(2017 studied the effect of adding NFC to Portland cement pastes. The
porosity, thermal properties, compressive strength and degree ohtcbydration of
cement paste were investigated. The amount of NFC as a partial replacemeuitrcang

0.0% to 0.5% by weight of cement. NFC was made from eucalyptus pulp byalsgiy
pressure homogenization method. The results revealed that, the compressive stiength ha
increased by more than 50% with -@Qv8% of NFC.Furthermoreporosity was deeased

with NFC addition and the greatest result was achieved withw%8 of NFC.
Additionally, the degree of hydration thancreased with NFC conteraind this was
confirmed by usingX-ray diffraction and Fourier Transform Infrar&pectroscopylt
seemgeasonable to think that the NFC encourage the hydration of cement by producing
more Ca(OH)and GS-H gel. From the results, there is a clear incr@afiee compressive
strength of cement compositewever, it is difficult to define the performance of cement
paste based on the results shown hergeems that the increase of compressive strength
was very high and did not match the increase of hydration and the changes of
microstructure of cement pi@s hence the results are not consistent or reliable
Additionally, the NFC contributed low capability to bridge incipient cracks bridging

because of their small size.

In Summary: asliscussedabove, additiorlCNC to cementitious composites has many
advartages such asg, clear increase of flexural strength of cementitious composite having
CNC and a clear increase of hydration rate of cementitious composite having CNC.

However as discussed above, CNC are ditmgsthereby their short length significantly
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limiting their ability to work as crack bridging and to improve the hydration process, since
they could only transfer water to limited distance. Furthermore, CNC are one dimensional
fibers thus they can only work in one dimensional direction compared3@tivho has

two dimensional. Lastly, the addition CNC in highncentratioris problematic in that

there could be a lack of uniform dispersion thereby requiring the uses of more energy or

more chemicals to disperse them.

2.4.4 Nano silica (NS) witbementitious composites materials

Among all the nanomaterial$yS is the most widely used materidr improving the
performanceof cement and concrete because of its pozzolanic reactmuiyhe pore

filling effect. The formation of € Si H from calcium hyroxide by pozzolanic reaction was
much quicker whemNS was added to cement paste than that of plain cement paste with
other pozzolanic materia(8eneficial Role of Nanosilica in Cement Based Materials
Review, 2013; Singh et al., 201&)is assumed that théS canreactwith fillers, pozzolan

and seeds much more effectively due to its much finer particle size and much greater
pozzolanic reactivity than silica fume. Due to these fine particles, large surface area and
high SiQ content, nano silica is a very reactive pozzolabiee to its pozzolanic reactivity

and ultrafine particle size, it was reported tN& improved the compressive strength of
cementbased materials significantly and made the microstructure denser as well. Due to
its extremely fine size, itherange of 16600 nmwhichis similar to the size of CNTs, NS
could be intermixed with agglomerated CNTs and mechanically separate CNTs into
dispersed fibers during the mixing proceldewever,the largest disadvantage N is

their tendency tagglomerate in cemeribus compositeandthe loss of high surface area

of NS is most likely due to grain growth which could take place when NS used directly in
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a bulk compositeWhen fine particles are added to cementitious materials, they have a
strong tendency to form setthents or agglomerations when it contacts wateus,there

is a need to increase the repulsive forces between adjacent colloidal partictelngy a
proper chemical admixtures or by adding extra water to disperse the solid particles in

agueousolution(Elkady et al., 2013)

In Summary: as described abos improved the compressive strength of certmasged
materials significantly and made the microstructure denser as well as NS could be
intermixed with agglomerated CNTs and mechanically sep&ifl's into dispersed fibers
during the mixing processiowever as discussed abotiee major drawback of usingS

is their tendencyo agglomerate in cementitious composifékis is probably due to, in

part, to grain growth when NS used directly in aklmdmposite.

2.5 Hydration Mechanism of cement

Hydration of cement isa complex sequence of interactions occurring between water and
chemical phases of the cement, tricalcium silicate (3CaQ-8i® 3SioC |, di cal ci
silicate (2Ca0-Si@ o r SioCtricalcium aluminate (3CaO-Al2Do0 r 3A100 and
tetracalcium alumino ferrite (4CaO-A&k.FeOs o r AR Which are hydraulic and
consequently interact with water, thus a range of hydrated phases are formed as a result of
these interactions. Ca(OHand GS-H are produced predominantly as hydrated cement
products. €S-H gel and Ca(Oh)are two major products from the reaction of C3S and

C2S with water. €5-H gel is the main cementing compound during the curing process. It

has a layer structure and contaowth free water and chemically bound water. Ca(OH)
nucleates and grows within free capillary pore spaces. It takes up abaat\20% of the

cement pastedydration reaction equilibrium as well as nucleation and growth of hydrated
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cement products may learranged by the presence of foreign substaixaesuan et al.,
2016) The reaction of €A and calcium sulfate (CaSQ@HO) produced Ettringite
(3Ca0.Ab03.3CaSQ.32H0) and hydrated calcium sulfoaluminate. With curing tirhe, t
Ettringite is replaced with monosulfat&3Ca0.A}O;CaSQ.12H:0). In addition, with
curing time and if there is48 unhydrated with presence Ca(QHBpoth will react with
water and hydrated calcium aluminate (4Ca@0AlL3HO) will be formedFinally, GGAF
react with water and Ca(OH)at a low hydration rate resultingh CsFH13 as well as

hydrated calcium aluminate. The equatior® ghow these reactions (John et al., 1998).

2(3Ca0.SiQ) + 6HO —> 3Ca0.2SiBH,0 +3CaOH)é é 6 6 6 éé. . (1)

CS C-S-H gel CH rodcand needldike
3Ca0.AbO3 + 3(CaSQ.2H.0) + 26HO — 3Ca0.A03.3CasS@.32H0é . é ( 3)
CsA calcium sulfate AHRtifel
Then
2(3Ca0.Ab0s) + 3Ca0.AbO5.3CaSQ.32H,0 + 4H0 —» 3(3Ca0.AD;CaSQ.12H;0)..(4)
CsA AFt rodike monosulfate
Then
3Ca0.AbOz + Ca(OH} + 12HO —>» 4Ca0.AD:.13H0é é e ééé . éé. . ( 5)
C:A  CHrod and needldike  hydrated calcium aluminate
4Ca0.AbOs.Fe0s + 4Ca(OH) + 22H0—> 4Ca0.Al0s.13H,0 + 4Ca0.Fgs.13H:0€é . . ( 6)

C4.AF CH rodand needldike hydrated calcium aluminate
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2.6 Conclusions of current nanomaterials in cementitious materials

In this chapter, the literature review different nanomaterials and their applications in
cementitious compositdmve been discussethis includes MWCNT, G, GO, CNC, and

NS. The use of MWCN]TG and GO may be valuabfer reinforcing cement hydration at

the nanescale, bridging nano and micro cracks to prevent initial crack propagation and
refining the pore structur® densify the cement matrixiowever, heir benefit extends
beyond thido createa selfsensing and seliealing approacgldue to MWCNT, GO and G
beingconductive fillersandtheycouldeasilybe used to measure and monitor the electrical
properties of concrete structures. The use of CNC in cementitious composites enhances the
rate of hydration of this material and this incregskydration could be explained by two
mechanisms. The first mecham is steric stabilization which disperses cement particles
similarly to that of many water reducing agents (WRA). The second mechanism is short
circuit diffusion. It seems that this mechanism incredgisefiydration rate by increasing

the transportationf water from outsidef the hydration products to the dehydrated cement
cores. NS has a positive impact on compressive strength of cementitious composites due

to its pozzolanic reactivity, very fine particle semedlargesurface area.

Despite extense research efforts over the last decade on cementitiouposies
modified with nanomaterials, several roadblocks to the widespread application of these
nanomaterials in the construction industry still remain. One of the major problems is their
agglomeréion of nanomaterials in the cement pasthich results in defects that hinder
their benefits to cementitious materials. Compare@ amd GO, MWCNT are relatively
inexpensive and could be very effective reinforcing materials if their agglomeration in
cenentitious materials is reduceth this research, the characteristics of BNP will be
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studied,and the performance of cementitious composites modified with BNP will be
investigated In addition, the development and evaluation of the proposed hybrid
BNP/MWCNT nanoparticles will be studie@nd the performance of cementitious

composites modified with hybrid BNP/MWCNW®ill be investigated.
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Chapter three

3 Manufacturing and properties of sugar beettwaded
BNP

3.1 Introduction

This chapter provides information aboBNP and its production proces€hapter 3
investigates the charactstics of BNP and its microstructure using XRD, FTIR,
TGA/DTA, UV-vis spectroscopgind SEM/EDX. The colloidal properties and stability of

BNP in aqueous solution were also studied.

3.2 Sugar beetroot as a sustainable reinforcing nanomaterial for
cementitious composite

It is widely knownthatthe British sugabeetchain supports up to 9500 jobs in the UK,
with 3500partners producingnd directly employg a skilled work force of 14Q0The
British sugar company supply around eight million tonnes of sugar beet a yetirean
advanced manufacturing plants can produdatillion tonnes of sugar a year. Currently,
British sugar focusson improving efficiency and reducing waséed theirpolicieshave
led to the development o& range of ceproducts. Electricity for example, has been
generated t@ city the size oPeterborough antdasproducel up to 70 million litres of
Bioethanol annually. Our industrial partner Cellucomp Comparhich is a Scottish
company has developed a material made from sugar beet waste. According to
Cellucom@ €hief Executive Christian KempGriffin, when we get down teery, very
small sizel nanomateriatheycan havencredible strength propertieshich enables them

to strengtlenotherproductswhen added tthem
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Furthermore, Cellucomp used carrot as a raw material to produce bio nanomaterial because
of its availability in shopshutthen moved to sugar beet due to sheer volume of extracted
waste in factories from sugar productidkpproximately 206 of sugar is derived from

sugar beet root globallylthoughwood is used by otharano cellulose manufactuse

sugar beet is preferable due sxjtick growth andeay methods for break dowand most

of the plant is wasteid factoriesso its use in this way haspositive environmeatimpact.

It alsotakes less energy to produce this material than it would to make nanocellulose from

something else like trees.

3.3 Production oBNP

As show in figure 3.1, the sugar beet pulp waste recovered from existing industrial
processes was first diluted with water to form a mixture having a concentration of between
0.1% to 1% solids content by weight then treated with 0.5 M sodium hydroxide (NaOH),
raising and maintaining the pH of the solution at pH 14 and to extract hemicellulose and
the majority of pectin from the cellulose of the cells within the mixture. The resulting
mixture was then heated to®0for five hours and homogenised periodicallyidgrthe
heating period for a total of one hour with a mixer blade rotating at a rate of 11 m/s. A
further period of homogenisation for five minutes occurs at the end of the heating period,
with a mixer blade rotating at a rate of 30 m/s. Homogenisatiaepsseparates the cells
along the line of the middle lamella and breaks the separated celBNRtwith about 50

um in width, 50 um in length and 40 nm in thickness. Subsequently a dispersant Span 20
(Span is a registered trade mark of Croda InternaktiBhC, Goole UK) is added to the
mixture. These coatshe surface of the Bio Nano platelets and prevents the cellulose

platelets aggregating, allowing them to be more readigispersed in aqueous media.
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The resultant mixture is then filtered to remakie dissolved materials to a solid content
of less than 8% by weight. A small volume of this composition is placed between two
absorbent sheets covering the interior surface of the two sppeetdmetal plates. The
absorbent sheets are able to remove mfaben the material by a wicking action as the

material is compressed.

Dilute root vegetable waste with
water to 0.1 to 1% solids

Add 0.5M NaOH to the mixture
to raise and maintain pH 14

l

Heat to 90°C for five hours and
homogenised periodically during
the heating period for one hour

with a mixer blade rotating at a
rate of 11 m/s

Y

further period of homogenisation
for five minutes, with a mixer
blade rotating at a rate of 30 m's

A

Add dispersant (Span 20)

A
Filter to remove the dissolved

materials to a solids content of
less than 8% by weight.

A

Press at low pressure (2 kg/cm2)

Figure 3.1: Flow diagram of the method of producing a composition oBiN® (USA

Patent No: 9834664).
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The upper metal plate then exerts a low pressure onto the top surfacenate¢hial. The
material is allowed to expand laterally between the absorbent sheets as the pressure is
applied to form a thin sheet of material approximately 2mm or less thick. As the
composition is compressed (at 2 kgfrto reduce water content thus, sis wicked out

by the absorbent sheets, thereby reducing the water content of the composition. The
resulting sheets of material are then cut into suitable sized small pieces whilst ensuring that
the material is not compressed, sheared or rolled duritiggwtherwise the porosity of

the platelet along with their flat shape can be compromised. Compositions made using the
above method typically comprise up to 25 to 35% solids of cellulose platelets by weight
with sheet shape having about 50 um in width,ukn in length and 48m in thickness

(USA Patent No: 9834664).
3.4 Experimental programme

Optical microscopy and ultravioleisible spectrophotometer were employed to examine
the dispersion properties and stabilityBNP at sonication times of 30, 5&é 100 min.
Scanning electron microscopy with energy dispersiray)spectroscopy (SEM/EDX) and
X-ray diffraction (XRD) were used to determine the chemical composition, morphology
and microstructure oBNP. An Agilent Technologies Exoscan 4100 Foutransform
mid-infrared spectrometer (FTIR) with diffuse sample interface was used to analyze the
BNP. The instrumental conditions for the spectral collection were 128 scans at a resolution
of 8 ci ! The spectral changes both in terms of size and positom vged to identify the
functional groups on thBNP sheets. Thermogravimetric analysis (TGA) was carmigd

to study the thermal stability &NP under temperatures between 25 and 1COft a rate

of 10°C/min in nitrogen (N2).
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3.5 Experimental results and discussion

3.5.1 Properties @NP

3.5.1.1 Characterization &NP

The chemical components BNP obtained from the EDX elemental analysis are given in
Table 1. As indicated in this table, tB&IP are mostly containing carbon, oxygen and
hydrogen. The main chemical components are carbon 47.61% and oxygen 46.91%. The
BNP contains some sodium and chloride impurities as a result of their chemical treatments.
The XRD pattern oBNP is shown infigure 32 As can bese=n, theBNP exhibited two

main peaks at@=15and 22 which areonstitutethe structure of cellulose. The XRD
pattern suggests that the BPN structure can be divided into two regions. The narrow peak
at 9 = 15 represents the crystalline regionBNP with a surface (110) plane. This surface
(110) plane is hydrophilic in natudeie to the exposure to a large number of hydroxyl (OH)
groups, thus good dispersion in aqueous solufidesg et al, 2014) The somewhat broad

peak at g = 22.5 with surface (200) plane indicates the existence of both crystalline and
amorphous regions @NP. The amorphous region w is associated with the amorphous
lignin and hemicellulose components BNP and the crystalline region is highly
hydrophobic because of the existence 41 @oietiegMeng et al, 2014) The crystallinity

index (CI) ofBNP wascalculated using the following equatiofMeng et al, 2014)

#)p  p mnngsl 6y

e

Wherelooz is the intensity of the XRD peak at| 2 22.5 and plane (200), anldm is the
intensity of the amorphous cellulose between the planes (200) and (1XpF 48,2he

averageCl was calculated to be about 64% which is indicative of high tensile strength and
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stiffness of thdBNP sheet{Meng et al, 2014) As a result, the pposedBNP are a good
candidate for reinforcing composite materials. Figure 3.3 shows the FTIR spectrum of
BNP. The dsorption band between 3600 ¢amd 3000 cm is due to the vibration of
hydrogenrbonded hydroxyl groups in the structureBNP which indicates the hydrophilic
nature inBNP. The prominent peak at 2900 ¢nis due to the stretching vibration of
saturated € in cellulose. The prominent peak at 1030 ciw related to the bending
vibration of the absorbed water molecules. The two peaks at 137armin1443 cm are

due to asymmetric and symmetric bending vibrations irBttE.

3000.I.I.I.I.I.I.I.I.l.lxl.l.lxl.l.

2500 ~ L
200

intensity/a.u

U SV R S S S P G S S G S U

I
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20

Figure 3.2: XRD spectrum oBNP sheets showing crystalline regiorn2at= 15 and
amorphous/crystalline regions2g = 22.5.
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Figure 3.3: Diffusion FTIR spectra oBNP

The TGA/DTA results shown ifigure 3.4 illustrate the thermal stability BNP. As can

be seen from this figure, tBNP exhibit a small mass loss when heated from 25 t6Q00

due to the evaporation of water content. A significant mass loss is observed between 200
and 700C as a consequence @fmination of hydroxyl groups and decomposition of the
carbon chainfMeng et § 2014) The mass loss remains constant at temperatures between
700 and 110@. The DTA spectrum shows a sharp peak at a temperature of ab®dDt 260
due to the dehydration &NP and a broad peak at about 300due to the decomposition

of BNP (Meng et al 2014) Overall, theBNP exhibit a good thermal stability in the
temperature range of 25 to 1@Qwhich is the range in which cementitious composites are

typically operating.

Figure3.5(a) shows a typical micrograph &NP which indicates that thBNP material
has wrinkled texture resulting from the treatment of the sugardaeil he texture dBNP
typically consists of crumpled and stacked thin sheets. As showig.i8.5(b), like
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graphene oxide (GO), clearly there is a highly textured morphology in the form of
roughness and ribs enabling BRP sheets to morph around complex shapes and interact
mechanically, thus significantly enhancing the mechanical properties of the cementitiou
composites (Saafi et al, 2013). It can be seen fignB8.5(b), that theBNP sheets are
composed of randomly orientelth addition, nanofibers of BNP, residue of Xylem cells

surrounded with stacked thin sheets were seen in this figure.

Table 3.1:Chemcal composition oBNP

Chemical components C O Ca Al Cl Mg Si Na

Content (%) 4761 4691 186 1.81 0.67 0.57 0.40 0.17
I | I I I 01
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Figure 3.4: TGA curve and DTA curve faBNP
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Figure 3.5: SEM images oBNP (a) SEM image showing the morphologyBNIP sheets
(b) close up view of crumpleBINP sheets.
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3.5.1.2 Colloidal properties and stability®NP aqueous solutions

The colloidal properties and stability 8NP aqueous suspensions were determined in
terms of state of aggregation and microscale dispersi@Néfin an agueous solution.

Figure 3.6(b) depicts a typical optical microscope image of the prep&ii aqueous
suspensions shown ifigure 3.6(a). As can be seem, tHBNP seem to be uniformly
dispersed without agglomeratiand the optical image 3.6(b) illustrates BNP and residue

of Xylem cells which have bigger size than BNP siEgure 3.7 shows the UWis
spectroscopy spectra oBAIP aqueous solution as a function of sonication time. As shown,

the absorbance of thiENP exhibits a maximum between 300 and 320 nm at all sonication
times. As the sonication time increases, the areas under the spectrum lines representing the

absorbance increase as well, resulting in highly dispd&bitisheets in water.

a)

Figure 3.6: (a) BNP agueous solution (2g/L) after 30 min of sonicatjohoptical image
of theBNP aqueous solution.
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Figure 3.7: UV-vis spectroscopy results BNP aqueous solutions at different sonication
times

Figure 3.8 shows a schematic representation of the chemical structareetiilose
fragment employed within the biocomposite matefliakecellulose platelets are composed

of at least 1.5 available hydyen per glucose residusonsequentlyt is possible for the
cellulose platelets to functionalise the glucose residue. Additionally, hydroxyl groups (OH
groups) argresentandcan lead tahe possibilityof proton transfer, or functionalisation

of the glwcose residuéHepworth et al., 2015)
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Figure 3.8 Chemical structure of celluloseagment

BNP are more dispersible in aqueous solution because they have high numbers of hydroxyl
groups {OH groups) which enable cellulose platelets to be more highhatedl And they

are better than microfibrillar cellulose that usually forms a gel or other solid at relatively
low proportion by weight of solids, wherein the cellulose platelets have been found not to

form a gel even at high concentrations (Hepworth.efall5).

3.6 Conclusions

Experimental tests have been carried out to investigate the propertiNPofThe
experimental programme $ibeen described artteresults obtained from experimental
tess have been presented, discussed and ahlyhe manufacturing processr the
produdion of BNP had beersummarised. The chemical component8biP obtained
from the EDX elemental analysis showed thatBINP are mostly carbon, oxygen and
hydrogen. The RD patterns suggest that tB&P structure can be divided into two
regions the crystalline region and amorphous region. The (CBNP was 64% which

is indicative of high tensile strength and stiffness ofBNP. As a result, the proposed
BNP are a gooctandidate for reinforcing composite materials. The FTIR spectrum of
BNP showed thathere ardwo maintypes ofabsorption Thefirst absorption is due to

hydrogen bonded hydroxyl groups in the structuf@P which indicates the hydrophilic
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nature of tle BNP andthe second absorption is due to stretching vibrations of saturated

C-H in cellulose.

The TGA/DTA results showed that thBNP display a good thermal stability in
temperature range of 25 to 100D which is thetypical range which cementitious
composites s The SEM results showed that the texturdBhiP typically consists of
crumpled and stacked thin sheets like.@f@arly there is a lgh textured morphology in
the form of roughness and ribs enabling BiNP sheets to morph around complex shapes
and interact mechanicallthus significantly enhancing the mechanical properties of the
cementitious composites. The colloidal propertieBNP aqueous solution showed that
BNP havea high stabilityand uniformity distribution without agglomeration due tioe
hydrophilic nature oBNP, owingto a large number of hydroxyl (OH) groups. According
to above results and discussioB&P is a good catlidate for cementitious composites
because oits excellent properties that enalB&P to disperse uniformly within aqueous
solution without agglomeration. In additioits thermal stability and high textured
morphologyallow it to morph around complex gh@s and interact mechanically. Finally,
in the next chapter the effect tfe additionof BNP to cementitious compositedll be

examined
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Chapter four

ANanoengineered cementbiatsieadu 2D
nanopl atel ets

4.1 Introduction

In this chapter, the performance of cementitious composites modified with bio- waste
derived 2D cellulose nanoplateleBNP) has been investigatedihe BNP particleswere
produced from sugar beet waste that resemble 2D graphene oxide platelets ah bégims
surface area, excellent mechanical properties, good dispersibility in aqueous solutions,
hydroxyl groups (OH groups) and crack bridging and arrest mechanisrasefiect of
differentBNP concentrations on the hydration, microstructure and flexural strength and of

cementitious composites was elucidated and the results are reported herein.

4.2 Experimental Program

4.2.1 Preparation @dNP/cement paste composites

Ordinary Prtlandcement (OPC) type CEM | 52.5N was used to prepare the cementitious
composites with a watéo-cementratio of 0.35.1t is worth mentiomg that theinternal

water of BNP pastewas consideredn calculation of watr. A commercially available
superplasticizer (Glenium 51) was used at a concentrationwifclto enhance the
workability of the cement pastes. The cement paste composites were modifi&N®ith

at loadings of 0.20, 0.40 and 6,:6%. TheBNP were first aded to the required water and
superplasticizer, followed by mild sonication for 30 min using a probe sonicator. The

resulting suspension was then blended with the cement and mixed for 7 min. FBN&ach

107



loading, twelve prisms (40mmx40mmx160mm) were prepared. The prisms were de
moulded after 24 hrs then left to cure in water at a temperature of 21°C for 7, 14 and 28

days.

4.2.2 Characterization of hydration and microstructuB&lP/cement

composites

Cementitious samples wiBBNP loadings of 0.0, 0.2, 0.4 and 0.6 wt% were collected from
the fractured flexural prisms at 7, 14 and 28 days to characterize the et oih the
degree of hydration and microstructure of the composites. Thermogravimetric analysis
(TGA) was carried out to elucidate the effecBMP on the hydration mechanism of the
cementitious composites and estimate their degree of hydration (DOH) and thé cbnten
Ca(OHY. In this experiment, the samples were heated from 25 to’C180a rate of 10
*C/min under nitrogen (N2). In addition, TGA measurements were perfornigd®and
cement particles for correction purposes (Cao et al, 2014ayXiffraction (XRD)
analysis was also carried out to further investigate the DOH and determine the crystallinity
of the cementitious composites. Scanning electron microscopy coupled with energy
dispersive Xray spectroscopy (SEM/EDX) was employed to carry out eleranddysis

on the chemical composition of the cementitious composites and investigate the
microstructure characteristics such as distributionBbfP and their crack bridging
mechanismTransition electron microscopy (TEM) analysis was also conducted on the
hardened cement pastes to sttitly alteration processes associated with the addition of

BNP.
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4.2.3 Mechanical characterizationBINP/cement composites

For eachBNP loading, twelve beams (40mmx40mmx160mm) were prepared and
subjected to a foypoint bending testaccording to ASTM C78& determine their flexural
strength as shown ifigures 4.1 and 4.2. The fopoint bending tests were carried out
under displacemerbntrol with a rate of 0.1 mm/min. During testing, load and deflection
at the cenw were recorded continuously Furthermore, twelve cubes
(50mmx50mmx50mm) were prepared and subjected to a compressive loading with
compressive stress rai€0.5 MPamin to determine their compressive strendmiowing

to ASTM C109C 109M The compressive strength and flexurakshgth werecalculated

according to thseequatiors (C 78, (C 109/C 109M).

Q4 0j0. e@é céeeceeéeéééécéeceeceeeeeéeééeeeecee. .. (1)
Y DfoQééééé.. . 6éébdbdbdbbbbbbbbbedddde. . . ee. (2)
Where

"Q& compressive strengitMPa); P: total maximum load (N); A: area of loaded surface
(mn?); R: Flexural strength (MPa); b and h are width and height of the spe@inme) L

is the length of support distan@@am).

40 mm

40 mm 40 mm L 40 mm

120 mm

160 mm

Figure 4.1: Experimental test setups, flexural strength test setup
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Figure 4.2: Test setup, flexural strength test setup

4.3 Results and discussion

4.3.1 Influence ofBNP on the degree of hydration of cementitious

composites: TGA/DTA results

The thermogravimetric analysis (TGA) results in terms of weight loss and derivative of the
weight loss (DTA) are presentedfigure 4.3 for the cement paste composites containing
0.00wt% BNP, 0.20wt% BNP, 0.40wt% BNP and 0.66wt% BNP. In this figure, the
percentage of the weight loss gradually decreases as the temperature increases and the
inflections in the DTA represent the decomposition of specific phases of the cement paste
composites. The TGA/DTA provides insight into the chemical reaction mechanisms in
cementitious materials during heating (Cao et al, 2016). It was observed that €alcium
silicate-hydrate (CS-H) and carboaluminate phases lose their bound water in the
temperaturgange 18B00C, the dehydroxylation of calcium hydroxide Ca(QHpkes

place in the temperature range 480DC and the decarbonation of calcium carbonate
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(CaCQ) occurs in the temperature range BDB0C (Cao et al, 2016). Frofigure 4.3, it

can be bserved that the mass loss of the cement paste composites decreases with
increasingBNP concentration. This is due to the increase of hig-density C-S-H

content and the creation of new intercalaBP/C-S-H nanocomposites with higher
density. Thiss consistent with Rehman et al. 2018 findings where they have shown that
the decrease in the mass loss of GO reinforced cementitious composites is attributed to
both the bonding of TSI H with the GO sheets and the increase of th8 & content. In

this cag, the GO sheets tend to increase the amount®HGroduct, thereby filling the

pores in the matrix thus less amount of water is available for evaporation (Rehman et al,
2018).

The degree of hydration (DOH) is directly correlated to the amoua@HR which can

be calculated witlthe method introduced by Wang et €018 andMusa(2014) In this
method, the mass loe§ Ca(OH)2 at different ages was measured and found betwéén

500°C and theCa(OHR content was assessed from the TGA cuawnel calculate

according tahe equation below:

8 i oaoioaoaa aoaosososososos s s
00 ——— pTmmHA. .. 666868666 . 6EEEEEEEEEEE(1L)

Where
0 "® Calcium hydroxide (mass %)
Qoax YAmass loss at 48T

Wp ¢ Amass loss at 12T
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Figure 4.3: TGA curves (a) and DTA curves (b) for the cementitious compositgeN Rt
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Figure 4.4 presents the Ca(QHpntent as a function &NP concentration at 7, 14 and

28 days. At 7 and 28 days, the overall trend observed is that the amount of £a(OH)
increases with increasir@NP concentration. However, it is interesting to note that the
trend of Ca(OH)content increasawith increasing@NP concentrationis not evident at 14

days. This needs to be investigated further. The additiddNéf sheets accelerates the
hydration of cement resulting in the production of higher Cat@éhtent at 7 and 28 days.

The highly hydrophilicBNP sheets tendo store water molecules on their surface thus
acting like water reservoirs which may release the free water for further hydration. This
additional hydration further increases the amount of Caf@Hj and 28 days.

According Cao et al(2014), the DOH ca be obtained by dividing the amount of the
chemically bound water (CBW) per unit gram of unhydrated cement by the CBW of fully
hydrated cement which is 0.23g. The CBW can be obtained by dividing the mass loss
between 140 and 110G by the final mass (@eet al, 2014). Figure 4.5 shows the DOH

as a function oBNP content at 7, 14 and 28 days. As can be seen from this figure, the
results clearly show that the DOH increases with increasing BPN content. For example,
the DOH of the cement paste with @6 of BNP is increased with respect to the plain

cement paste by 6%, 7%, and 9% at 7, 14 and 18 days, respectively.
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Figure 4.5: Degree of hydration (DOH) of the cementitious composites obtained from
TGA as a function oBNP concentration at different curing ages.
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The improvement in the DOH can be attributed to the effect oBMie sheets on the
reaction of the cement particledthvwater. Firdly, according to Cao et a(2014),
hydrophilic additivessuch as the propos&NP sheetsdisperse the cement particlesl!

during mixing thereby producing uniform distributions of the cement particles which
results in higher DOH. Secdly, as discussed above, B8RP sheets act like internal water
reservoirs and release free water to amplify the hydration of cementlyTbhiaded on Cao

et ald €014 hypothesis, thBNP sheets embedded into the higdnsity GS-H could act

as water bannels to transport water from the pore water solution to the unhydrated cement

cores, thus fueling the hydration of the cement particles due to increased aofowater.

4.3.2Influence ofBNP on the hydration phases of cementitious composites:

XRD and EDX results

The XRD patterns of the cementitious composites at 7, 14 and 28 days are sfigunein
4.6. As it can be seen from this figure, typical hydration phases setthilagite, calcium
hydroxide Ca(OHp, tricalcium silicate (€S) and calcium carbonate (Cagj@re detected

in all cementitious composites at all ages. This indicates that the addiBdPafoes not
alter the type and structure of the hydration prodottthe cement pastes. TheSH
hydration product is difficult to identify by XRD analysis due to both lack of their
crystallinity and their indefinite composition. As shownfigure 4.6, the XRD further
confirms the TGA findings. The intensity of Ca(QHicreases with increasinBNP
content at 7, 14 and 28 days. This means the additi@NBfpromotes the hydration of
cements thereby increasing the amount of the hydration products. Previous research on
cementitious composites containing graphene ox@&i@)(reported similar findings (Cao

et al, 2016; Cao et al, 2016;). Another way to quantify the extent of hydration of cement
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as a result oBNP is to examine the magnitude of the intensity peaks of the detegfed C
phase. Frorfigure 4.6, it appears thtte intensity peaks of4S decreases wh@&@NP are
present. This could be attributed to the interactiors8flith-OH and-R-CH2- functional
groups on the surface of tlBNP sheets. Phases such asS@end to react with water
molecules adsorbed on therface of theBNP sheets thereby increasing the amooint
hydration products. This phenomenon was also observed in cementitious composites
reinforced with GO sheets (Wang et al, 2018). Monitoring of CafOhd¥tal size could
shed light on the effect of tH&NP on the growth of €S-H phases. The size of Ca(QH)
obtained from the XRD analysis as a functiorBdfP concentration at 28 days is shown

in figure 4.7. From this figure, it can be observed that thé@iaddf BNP significantly
decreases the size of the Ca(@p#rticles. This is attributed to the fact tBMP promote

the growth of CS-H, thus less space available for Ca(@H# grow in size. Zheng et al.
(2017 found that when GO is present in thatnx, the size of Ca(OH)ecomes smaller

and the content of G-H increases, resulting in a dense structure. It is noteworthy that the
addition of 0.46wmt% BNP and 0.6wt% BNP leads to a Ca(OHize higher than that at
0.2-wt% BNP. This could be due tthe fact that th&NP sheets tend to restack at higher
constructions which in return dampers the groaf C-S-H and allows Ca(OH)to grow

in size. Therefore, based on this observation, it appears that the conteBtrbfé€aches

a maximum at 0.2vt% BNP at 28 days.
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Figure 4.6: XRD spectrum of the cementitious composites at diffeBiP
concentrations a) 7 days b) 14 days c) at 28 daysHCCalcium Silicate hydrate. E:
Ettringite, P: Portlandite (Ca(OL)) A: Alite (C3S), C: Calcite (CaCg¢)
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The EDX results were employed to further quantify the effe@MP on the hydration
phases anthe distribution of theBNP sheets in the hardened cement pastes. Here, the
concentration of silica signals are used as indicative-8f+Cgrowth (Sakalli et al, 2017)
whereas the concentration and uniformity of the oxygen signals are used to gain insigh
into the distribution oBNP in the hardened cement pastes (Cao et al. 2016). Figure 4.8
shows SEM images of the cement paste composites at difeéhtoncentrations along

with their corresponding silica, oxygen and calcium maps. By comparing itee rahps
between the cement pastes, it is observed that the cement pastes with 0.20 wt% and 0.4

wt% BNP exhibit higher silica concentration which indicates high€$-B content.

On the other hand, silica signals were not overserved in the cement phsfe6@iwt%

BNP, which indicateshat Ca(OH)is the predominant phadeurthermore ite comparison

of the oxygen signals indicates that the oxygen concentration is higher in the cement pastes
with 0.20wt% BNP and 0.46wt% BNP and the oxygen signals are uniform throughout

the maps, implying better distribution BNP (Cao et al. 2016).
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Figure 4.7: Size of Ca(OH)obtained from XRD as a function BNP concentration
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0.6 wt% of BNPs

Figure 4.8: SEM images with maps of silica, oxygen and calcium elements at 28 days of
curing a) plain cement paste b) cement paste with 0.2 wBAIBfc) cement paste with
0.4 wt% ofBNP d) cement paste with 0.6 wt% BNP
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4.3.3 Effect oBNP on the microstructure afementitious composites. SEM

and TEM results

The microstructure of the cement paste composites at 7, 14 and 28 days are presented in
figures4.9-4.11. As shown, the microstructure of the plain cement paste at 7fapys (

4.9a) contains unreacted cemgairticles and Ca(Oh cubes and seedike particles,
presumably due to a low DOH. The addition of w9 of BNP leads to highly dense
structure with some Ca(QHparticles embedded into the&H gel as shown iigure

4.9b. The hydration phase Ca(g#h the form of cubes and rdike crystals is observed

in the microstructure of the cement paste with @4% BNP (figure 4.9c). The cement
paste with 0.6&vt% BNP however, is marked by a high content of Ca(@$Bedlike
crystals figure 4.9d). It is worth notg that it is challenging to identify thBNP sheets in

the SEM images. This is because the hydration products such as ettringite, Caf{®H)
C-S-H grow ontheir surface thus making their morphology undistinguishable.

Fromfigure 4.10a, it can be seen that the microstructure of the plain cement paste at 14
days becomes somewhat porous and contains a relatively high content of,)Ca¢€dH

like crystals, wiereas the cement paste with 0\200%6 BNP (figure 4.10b) remains dense

and its GS-H content seems to increase which is in agreement with Caf@tings. The
cement paste with 0.40/t% BNP (figure 4.10c)exhibits a morphology different from that

of both he plain cement paste and the cement paste withvi@BNP. It appears that

the Ca(OH) seeds transformed into rdite crystals and bem to grow out from the
matrix. As can be seen froigure 4.10d, when thBNP concentration increases from 0.4

wt% BNP to 0.6wt% BNP, the main hydration phase of the cement paste is Ca(@H)

the form of agglomerates. At 28 days of curing, the plain cement paste is mainly composed

120



of Ca(OH})) in the form of regular polyhedrahaped particlesigure 4.11a). On the ot
hand, the microstructure of the cement pastes is significantly changed wB&iPtbbeets

are present. The cement paste with &2% BNP shows a compact structure with some
layers of stacked fabridgke Ca(OH)» crystals embedded into a high densitsEl gel
(figure 4.11kc). Most of these Ca(OHkijabrics appear to grow in oftérection. This could

be the result of the interaction of the uniformly distribuBP sheets with the cement
particles. When uniformlydistributed, theBNP sheets adsorb onto the surface of the
cement particles through thel®H and- CH.OH- functional groups. These functional
groups then react withsS and GS to form nucleation and growth sites for the hydration
phases. The phase&isless soluble thandS, thusaslower hydration rate of S at these
growth sites. We hypothesize that at loB&IP concentrations, this could allow more time
for the hydration phases to sesemble into fabritike crystals. At a concentration of
0.4-wt%, the cement contains-&H and Ca(OH) particles as hydration products. The
Ca(OH2) particles are in the form of elliptical needles growing out from the matrix in two
directions figure 4.11d). When thBNP concentration increases to @u6% BNP, the
Ca(OH)2 is the main hydration product and the needle particles become caulifikever
crystals as shown ifigures 4.11 €. The SEM investigations suggest that Bi¢P sheets
have the ability to control the crystallization and morphology of the hydratmtupts,
which depends on thBNP content in the cement paste. The SEM investigations also
suggest that the 0.20t% BNP is the optimum concentration for increasing th&-8

content in the cement paste composite.
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Figure 4.9: SEM micro images of the cementitious composites at 7 @ysain cement
paste(b) with 0.2 wt% ofBNP, (c) with 0.4 wt% oBNP, (d) with 0.6 wt% oBNP
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Figure 4.10: SEM micro images of the cementitious composites at 14 (@ysain
cement pasté) with 0.2 wt% oBNP (c) with 0.4 wt% oBNP (d) with 0.6 wt% of
BNP
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Figure 4.11:SEM micro images of the cementitious composites at 28 (@ysain
cement past@), (c) with 0.2 wt% oBNP (d) with 0.4 wt% ofBNP (e), (f) with 0.6 wt%
of BNP

The TEM images in figures 4.12, 4.1814 and 4.15 show the effect of BNP on the
microstructure of the cement pastes at 28 days. As shown, the microstructure of the plain
cement paste (figure 4.12) consists mainly of Cag@H)stals with a low €5-H content.

The addition of 0.2vt% BNP leadso higher CS-H content, higher flexural strength,
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fewer Ca(OH) crystals and denser microstructure (figure 4.13). From figure 4.14, the
microstructure of the cement paste with -G BNP contains Ca(ON crystals
embedded into the-S-H gel. On the othehand, a significant amount of Ca(@Hrystals

is observed in the cement paste with-@t€6 BNP (figure 4.15). The TEM investigations

suggest a good compatibility between the BNP sheets and the hydration products.

C-SH

Ca(OH)

Crystals

x40.0k Zoom-1 HC-1 100.0kV 2016/10/03 16:24:23

Figure 4.12: TEM micro image®f plain cement pastat 28 days of curing
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200nm

Figure 4.13: TEM microimagesof cement pasteith 0. 2wt% of BNP at 28 days of
curing
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Figure 4.14: TEM micro image®of cement pasteith 0.4wt% of BNP at 28 days of
curing
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Ca(OH)
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Figure 4.15: TEM micro image®f cement pasteith 0.6wt% of BNP at 28 days of
curing

4.34 Mechanical properties of cementitious composites BN&/matrix
interaction

The effect ofBNP concentrations on the average flexural strength at 7, 14 and 28 days is
given infigure 4.5. The figure shows that at 7 and 14 days, the addition ofXZBNP

increases the flexural strength of the cement paste by 23% and 20% respedtigetas
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no significant increase is observed whenWt% BNP ispresent in the cement pastas/

days The flexural strengtidiminishes at higheBNP concentrations and this is more
pronounced at 0-&t% BNP. This could be attributed to the synergetic effect of restacking

of BNP sheets and high content of Ca(£Mdrystals.Thesevere restacking &NP shee$

at high contents in high alkaline cement pastes/ causeseduction ofthe flexural
strength of the cement pastes. The high alkaline cement pore solution attenuates the
hydroxyl groups on the surface of tB&NP sheets and high vaterWaals forces are
created as a result, from where the sheets are stacked on top of each other to form rigid
agglomeratesThese agglomerategeaken the matrix, causing the cement pastes to fail in

a brittle manner with lower mechanical proper{i8aafiet al., 2015)The high content of
Ca(OHy) crystals of the cement pastes containing-Qv#a BNP and 0.66wt% BNP could

lead flexural strengths lower than thaftthe cement paste containing 0:20% BNP.
Ca(OH)2 crystals are typicallyeak andbrittle in nature thereby weakening the cement

matrix by making it highly susceptible to a brittle fract(kd@an et al., 2014)

At 14 days, the flexural strength of the cement pastes is slightly increaseNP

concentrations of 0-#t% and 0.6nxt% when compareatplain cement passamples

At 28 days, the flexural strength of the cement pastes is increased by about 80%, 50% and
3% at BNP concentrations of &wa%, 0.4wt% and 0.6wnt%, respectivelyBased on this,

0.20wt% BNPs is the optimal content for maximum mechanical properties.

The inprovement of flexural strength was observed to be time dependent, for plain cement
paste, the flexural strength increased slightly at 14 days when compared with its value at 7

days. However, it was almost the same its value at 28 dhgsflexural strengdit of the
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cement pastes with 0\2t% BNProseslightly at 14 days when compared with its value at

7 days. However, the flexural strengtitreased sharply at 28 when compared with its
value at 7 dayslhe flexural strength dhe cement pastes with 8wt% BNP roseslightly

at 14 days when compared to its value at 7 days. However, the flexural strength increased
sharply at 28 days when compared with its value at 7 ddnesflexural strength of the
cement pastes with 0\8t% BNP increased dramatically at ddys when compared with

its value at 7 days. However, the flexural stremgteslightly at 28 days when compared

with its value at 14 days.
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Figure 4.16: Variation of the flexural strength as a functiorBMP concentration at
different curing ages
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The gain in the flexural strength of the cement pastes att@BNP and 0.46wt% BNP

is partially attributed to improved hydration kinetics of the cemenictes which results

in denser cement pastes with higheBE€ content as discussed above. The gain in the
flexural strength is also attributed to the reinforcing effect of BENP sheets.This
reinforcing effect is controlled by the mechanical interachietween th&NP sheets and

the cementitious matrix coupled with chemical crlisking type bondingand this
chemical cros$éinking type bonding was observed to be time dependent and improved with
curing age due to depending on developing hydration ptaduike GO-cementitious
composites, this morphology plays a significaré in the mechanical interaction (i.e. load
transfer) between thBNP sheets and the cementitious matrix, because it enhances the

mechanical interlocking.

Figure 4.7 and figure 4.8 shows the chemical interaction of tB&P sheet with the
hydration phase &-H and CH, which is somewhat similar to that of GO with the &tyolin
phase €S-H. The BNP characterization results indicate that NP sheets are fully
decorated with oxygenontaining functional groups which are responsible for their high
chemical reactivity. These functional groups are believed to adsorb onrtheesof the

cement particles in the presence of water.
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Figure 4.17: Intermolecular interaction of BPN with-&H phase
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Figure 4.18: Intermolecular interaction of BPN with CH phase
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In this case, the chemical components of the cement maiShad GS hydrate over the
surface of thdBNP sheets, leading to intercalatedSXH/BNP patrticles figure 4.77) and

intercalated CHENP (figure 4.B). The strong interfacial covalent bonding betweeg-C
H, CH and the functionalizeBNP sheets enhances the streasisfer thus improving the

overall mechanical properties of the cement pastBslRtconcentrations of 0.20/t%.

The effect oBNP concentrations on the average compressive strength at 7, 14 and 28 days
is given infigure 4.1. The figure shows that aftérdays curing, the compressive strength
firstly increased with content &@NP, up to approximately 10% by addition of 0.4wt%
BNP, then decreased to be like that of control specimen by addition of 0 BWE/At 14

days, addition of 0-2vt% BNP increased the compressive strength by about 10%, further
addition of BNP did not alter the compressive strength much, it reethstable atits
magnitude at 0.2% w BNP. At 28 days, after 0:@t.%, the compressive strength
gradually decreased with the increase of contenBNP. Addition of 0.6wt% BNP
decreased the compressive strength by aboutt8®n be concluded that the addition of
BNP has no effect on compressive strength at lower concentratBiNPat 28 daysThis

could be attributed to that, the compressive properties of the cement paste are more likely
to be controlled by the cement matrix and not by fibre reinforcertrenbntrastthe gain

in the compressive strength of cement pastes atv.20 and 0.46nt.% at 7 days age.e.

early age)and at 0.26wt.%, 0.40wt.% and 0.66wt.% at 14 dayqi.e. early age)s
attributed to improving hydration process at early agesthe amount of Ca(OH)2 is
slightly small and has no effect on compressive strerigiithermore at 28 days the
compressive strength of cement pastes 8NP loading more than 0.2 wt. % have sight

reduction. This could be attributed to high content af@H)2 crystals. The high content
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of Ca(OH)2 crystals of the cement pastes containing W20 BNP and 0.66wt% BNP
at 28 days could leatb lower compressive strengths than thaftthe cement paste

containing 0.26nt% BNP.
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Figure 4.19: Compressive strength of hardened cement pasteBMW#R (%)

4.3.5 Comparisons with previous studies

There have been many renowned studies into the enhancement of flexural strength of
cementitious composites using a range of additives includM@, MWCNT and GOs.

This study investigated the additionBINP and the effects of this additive in comparison

with traditional materials are outlined belowigure 420 summarises the maximum
enhancement of flexural strengthBNP used in this study compared to that of Cellulose

Nanocrystals@NC) by Cao et al. (2015, 2016). As shqwlaxural strength was improde
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in most cases with significant amountsBP and CNC. The observed best performance
enhancement included a 75% increase of flexural strength with 0.2 wBXRfa 50%
increase of flexural strength with 8155vol% of CNC(Cao et al., 2016band a 30%

increase with 0.2vol% CN(CCao et al., 2015)
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Figure 4.20: Maximum enhancement of flexural strength; comparisoBNP andCNC

In addition, the maximum improvement of flexural strength udih@/CNT alone
compared witBBNPin this research are summarisedigure 421. In all cases the flexural
strength was enhancadith additions ofBNP and MWCNT. The best performance
enhancement included a 75% increase of flexural strength wiiwt@®%2of BNP; a 50%
increase with 0.1wt% dAWCNT (Tyson et al., 2011)a 35.5% increase with 0.2wt% of

MWCNT (Luo et al., 2009)a 35% increase with 0.08wt% MWCNT (Metaxa et al.,
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2012b) a 38% increase with 0.2wt% MWCNT (Xu et al., 2015)a 25% increase with
0.5wt% of MWCNT, a 10% increase with 0.042wt% MMWCNT (Li et al., 2005) a 34%
increase with 0.5wt% dAWCNT (Musso et al., 2009h 40% increase with 0.08wt% of
long MWCNT (KonstaGdoutos et al., 20105 25% increase with 0.25wt% BIWCNT
(Chan and Andrawes, 2018nhd a 50% increase of flexural strémgvith 0.048wt% of

Carbon Nanofibres (CNF¢Metaxa et al., 2012a)
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Figure 4.21: Maximum enhancement of flexural strength; comparisdaN® and
MWCNT

Figure 422 summarises the maximum improvement of flexural strength uBINE
compared with those studies using G{@reand as seen previously, the flexural strength
was improved with additions of botBNP and GO. The best performance enhancement

included a 75% increase of flexural strength with 0.2wtdBMNP, a 67.1% increase with
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0.04wt% of GQLv et al., 2014b)a 42.1% increase with 0.05wt% of G¥ et al., 201443)
a 60.7% increase with 0.03wt% of GDv et al., 2013)a 31.63% increase with 0.01wt%
of GO (ghang H, 2015)a 14.2% inczase with 0.04wt% of GQLi et al., 2017)a 16.7%
increase with 0.04wt% of GZhou et al.,2017) a 59% increase with 0.05wt% of GO

(Muhit B. 2015) and a 30.37% increase of flexural strength with 0.022wt% ofZh@o et

al., 2017)
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Figure 4.22: Maximum enhancement of flexural strength; comparisddM® and GO

In this study, usin@NP greatly enhanced the flexural strength in all cases when compared
to previous stugsusingCNC, MWCNT and GOslt seems thaBNP are very small and
adsorbed on the surface of the cement particles and they improve the rate of hydration

through twomechanisms: (i) the first mechanism is steric stabilization, which is the same
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mechanism observed in many water reducing ag¥viA) to disperse cement particles
during cement mixing. This results in a finer and more uniform distribution of cement; (ii)
the second mechanism is short circuit diffusiomsich is the mechanism of water
molecules diffusing along the BNP networks in the hydrairoduct§Cao, et al., 2015)
When theBNP adhere on the surface of hydrated products, the BidBte pathsi.€.,
channels) for water molecules to more easily diffirseugh the hydrated shell and reach

the inner unhydrated cement core.

4.4 Conclusion

Experimental tests have been carried out to investigate the performance of cementitious
composites modified witlBBNP. The experimental programme has been described and
results obtained from experimental te$tave been presented and discussEde
TGA/DTA provides insight into the chemical reaction mechanisms in cementitious
materials during heatingt can be observed that the mass loss of the cement paste
composites decreases with increa®iNP concentration. This is due to the increase of the
high density GS-H content and the creation of new intercalatB#lP/C-S-H
nanocomposites with higher density. Additionatlye amount of Ca(OH)ncreases with
increasingBNP concentration at 7 and 28 days. This could be attributed to the addition of
BNP shee$ acceleramg the hydration of cement resulting in the production of higher
Ca(OH) content at 7 and 28 days. The XRD further confirms the TGA findings. This
means the addition dNP promotes the hydration of cements thereby increasing the
amount of thénydration products. This could be attributed to the highly hydropBNIP
sheetsvhichtend to store water molecules on their surface thus acting like water reservoirs

which may release the free water for further hydration. Additionally, the result$yclear
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show that th®OH increases with increasing\® content. The microstructure of the plain
cement paste consists mainly of Ca(@¢tystals with a low €5-H content. The addition

of 0.2wt% BNP leads to higher &-H content, fewer Ca(OH)crystals and deser
microstructure. The TEM investigations suggest a good compatibility betwe@&@Nthe

sheets and the hydration products. Based on the mechanical properties results, for all three
curing ages, the increase in the flexural strength of the cement pastessrigetmaximum

at an optimum content of 0.2(% BNP. This increasehowever, diminishes at higher

BNP concentrations and this is more pronounced a6 BNP. This could be attributed

to the synergetic effect of restacking BNP sheets andhe high mntent of Ca(ObL)

crystals.

As the flexural strength is a vital structural property, the maximum increase of flexural
strength for our cementitious composites modified BNP have been compared with
previous composites and the results showed that the maximum increase of fleswgah st

of our composite was significantly greater than the restegprevious work.
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Chapter five

5 Engineering ofmultifunctional hybridBNP/MWCNT
nanoparticles

5.1 Introduction

This chapter presents the development and evaluation of the proposed hybrid
BNP/MWCNT nanoparticles as a reinforcing material in cementitious composites. The
concept of the hybrilBNP/MWCNT nanoparticles is presented, followed by their
synthesis and evaltian. The colloidal properties and stability of tiRNP/MWCNT
nanoparticles were determined and compared to commercially avilEGNT/GO and

MWCNT/MCC particles.

5.2 Proposed Multifunctional hybrBNP/MWCNT Particles

As mentioned earlier i@hapter threeBNP havel OH groups which enables hydrophilicity
while -H groups cause hydrophobic faces, thus the appearance of both hydrophilic and
hydrophobic faces allowBNP to be used as dispersant. TherdyP were used to
disperse MWCNT and create aovel tybrid nanomaterial which as created from
adsorptiomof BNP on theMWCNT surfaces (i.e. selissembly process)hat are easy to
attribute to the underlying force which comes from hydrophobic interactions that occur
between the side wall of tMWCNT and the surface crystalline plane of the amphiphilic
BNP (Mougel et al., 2016; QOtier et al., 2012)Figure 5.1 illustrates the mechanism for

the creation hybridBNP/MWCNT, BNP sheets attached to MWCNT through the
interaction between its hydrophobic sites BAMYCNT hydrophobic plane due to hydrogen

bonding between hydrogen groupBdP sheets and the edgedWWWCNT. Additionally,
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the hybridBNP/MWCNT was stabilized due tdextrostatic repulsion forces between the
BNP generated by the charge®H and CHOH groups which come from treatment by

dispersant Span 20 that coats the surface oBilie and prevents th@NP/MWCNT

aggregatingThis allows them to be more readilydespersed in aqueous media.

a-Hybrid BNP/MWCNT nanoparticles

c- chemical structure of
b-MWNT BNP sheet
. v, - 4 CH)0H CH0H
= R 3 ":' | a 0 u

O OH "

4 ~
CH 00 Hydrogan zroups Hydroxyl group

,. d-Hydrophobic-hydrophobic
interaction

Figure 5.1: Schematic of interaction between BNP and M@/N

5.3 Experimental programme

5.3.1 Materials

The BNP were synthesised by our industrial partner, and BN properties were
investigated in chapter three and used with cementitious composites in chapter four. The
Multi wall carbon nanotubedMMWCNT) used in this study were produced by catalytic
chemical vapor dispersion (CCVD) by Cheapes (Brattleboro, VermonUSA). The

purity of carbon was 95%. To compare the colloidal properties and stability of the
BNP/MWCNT nanoparticles we have used commercially availAllWCNT/GO and

MWCNT/MCC particles for comparison purpose and we used SP to improve the
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workability. Cellulose Microcrystalline (MCC) is cellulose derived from high quality wood
pulp and was from Blackburn distributions. Graphene oxide (GO) is a solution with 4
mg/ml in aqueous solution and the Superplasticizer (Glenium 51) is a polycarboxylic ether
basedigh range water reducing superplasticizemcrete admixture.

Optical microscopy, UWis microscopy, SEMscanning electron microscopeEDS
(energy dispersive Xay diffraction analysis) and TGA flermogravimetrynalysiswere

used to investigate disyggon of MWCNT in aqueous solution. Ultraviolet visible
spectroscopy was an appropriate technique for estimation of dispersitW@NT due to

the individual multi wall carbon nanotubes being active undervidVspectroscopy.
Furthermore, optical microscopy was used to examine dispersion at the microscale level.
In addition, SEM and EDS analysis were used to further study the dispensiainea
chemical components of materials. Additionally, TGA analysis was used to investigate the
thermostability of all materials. Figure 5.2 shows Netzsch thermal analysers wadsch

used to employ thermal analysis for materials
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Figure 5.2: Netzsch themal analyser

Figure 5.3 shows the JEOL JSMOOF whi ch i s J Eléddibgshighestd ust r
performing Field Emission SEM with ultrahigh resolution at utoav kV imaging It was

used to carry out SEM and EDS analysis. It has a magnification rangetof 2980,000x,
accelerating voltage of 10 V to 30 kV, probe current range of a few pA to 200 nA and a

resolution of 0.8 nm @ 15 kV.
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Figure 5.3: JEOL JSM7800F for SEMscanning electron microscope)

Figure5.4 shows UW/isible spectrophotometer device (Evolution 220hich was used

to investigate dispersion of materials in aqueous solution.
5.3.2 Preparation @NP/MWCNT solutions

In this study the hybri@BNP/MWCNT nanoparticles were preparedige concentrations
of MWCNT: 0, 2, 4, 6 and 8 g/l of agueous solutidimese were added to 5g/| BNP
(MWCNT/BNP (0.4, 0.8, 1.2 and 1.6)20 g/l of MCC(MWCNT/MCC (0.1, 0.2, 0.3 and
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0.4)), and 2g/l of GQMWCNT/GO (1, 2, 3, 4))Three durations of sonication were used,
30minutes, 50 minutes and 100 minutes, with rate 40w with 50% duty. To avoid excessive
heat an ice bath was used.

Table 5.1 Name of hybrid and the concentrations of MWCNP, MCC, GO and&P

Nam | Concentra| Concentrat| MWCNT/ | Concentratio| MWCNT | Concentra| MWCNT/ | Concentra
e of | tion of | ion of BNP | BNP nof MCC g/l | IMCC tion of GO | GO tion of SP
hybr | MWCNT | g/l gl g/l
id g/l

R1 0 5 - 0 - 0 - 0
R2 2 5 0.4 0 - 0 - 0
R3 | 4 5 0.8 0 - 0 - 0
R4 6 5 1.2 0 - 0 - 0
R5 8 5 1.6 0 - 0 - 0
R6 2 5 0.4 0 - 0 - 25
R7 4 5 0.8 0 - 0 - 25
R8 6 5 1.2 0 - 0 - 25
R9 8 5 1.6 0 - 0 - 25
R10 | O 5 - 0 - 0 - 25
M1 |0 0 - 20 - 0 - 0
M2 | 2 0 - 20 0.1 0 - 0
M3 | 4 0 - 20 0.2 0 - 0
M4 | 6 0 - 20 0.3 0 - 0
M5 | 8 0 - 20 0.4 0 - 0
M6 | 2 0 - 20 0.1 0 - 25
M7 | 4 0 - 20 0.2 0 - 25
M8 | 6 0 - 20 0.3 0 - 25
M9 | 8 0 - 20 0.4 0 - 25
M1 | O 0 - 20 - 0 - 25
0

Gl |0 0 - 0 - 2 - 0
G2 |2 0 - 0 - 2 1 0
G3 | 4 0 - 0 - 2 2 0
G4 | 6 0 - 0 - 2 3 0
G5 |8 0 - 0 - 2 4 0
G6 |2 0 - 0 - 2 1 25
G7 |4 0 - 0 - 2 2 25
G8 |6 0 - 0 - 2 3 25
G9 |8 0 - 0 - 2 4 25
G10 | O 0 - 0 - 2 - 25
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Figure 5.4: UV-Visible spectrophotometer device (Evolution 220)

5.4 Results and discussions

5.4.1 Colloidal properties 8NP/MWCNT nanoparticles

One ml from each sample prior to mixing was taken, dilutechandredimes with water

and then dropped onto glass substrate to investigate the dispersion at the microscale level.
Figure 5.5and figure 5.6showed a superior dispersion BNP, MWCNT/BNP ard
suggests better dispersion MdWCNT- BNP with a lower amount oMWCNT and with

SP.In addition, witha higher amount oMWCNT there is still clear dispersion but there

is a very slight agglomeration BWWCNT-BNP; this could be because the amounBhiP

is not sufficient to achieve good dispersion at high concentratioMMENT. R1 also

shows some patrticles BNP. This could be attributed to some particles of unextracted bio

material at the micrdevel.
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Figure 5.5: Optical imageof R1, BNP 5g/I without SP, (R2 and REWCNT/BNP (0.4
and 0.8) without (SP) respectively and (R6 and RWCNT/BNP (0.4 and 0.8) with
(SP) respectively
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100 um 200 um

Figure 5.6: Optical imagegR4 and RpPpMWCNT/BNP (1.2 and 1.6) without (SP)
respectively angR8 and ROMWCNT/BNP (1.2 and 1.6) with (SP) respectively

Figure 5.7 and figure 5.8 showhistograms of the number of MWCNT/BNP particles of
R1, R2, R3, R4, R5, R6, R7, R8 and. R8e histogramgesults show that, in general by
using BNP, there are mangmaller particlesof MWCNT/BNP than the particles of
MWCNT only (figure 5.28) and their solutions were stable. Thus, there is evidence of

betterdispersion for MWCNTby using BNP.
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