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Abstract

Ordinary Portland Cement (OPC) based nanocomposites containing metal oxides, graphene
oxides and polymers have been of great interests due to their potentials in civil construction
and smart applications in photocatalytic activities, antimicrobial effect, corrosion resistance
etc. Developing such cement nanocomposites with optimal content has been quite challenging
that not only retain their basic mechanical strength but also exhibit smart properties. Present
thesis work deals with the development of OPC based nanocomposites containing TiO»
(titanium dioxide), SiO2 (silicon dioxide), Fe2O; (iron oxide), GO (graphene oxide), RGO
(reduced graphene oxide) and PVA (polyvinyl alcohol). Mechanical, structural and
spectroscopic investigations are carried out systematically to understand cement hydration
and formation of C-S-H (calcium silicate hydrate) gel. Three different types of cementitious
materials are prepared containing: (a) Fe2O3, TiO2, SiO2 and Cu (copper) nanoparticles, (b)
GO and RGO along with Fe>Os, and (c) PVA along with GO and Fe>O; at different wt%
ranging from 0.05% to 5%. The standard test cube samples are cured at standard curing time
of 3 days, 7 days, 14 days and 28 days. At each stage of curing mechanical and structural
changes are monitored by studying compressive strength measurements and X-ray diffraction,
respectively. It has been found that addition of minor quantity (0.05% to 5%) of these
functional nanomaterials improves mechanical strength by ~10-30%. Addition beyond this
wt% leads to the reduction of mechanical strength which is attributed to the formation of
nanoparticle agglomeration and form separate nanoparticle phase. In the first type of cement
nanocomposite (category as in (a)), highest improvement in mechanical strength is seen to be
~ 33% (compressive strength) and ~20% (flexural strength) for the optimal content of 3wt%
Fe»0s. Further addition of GO or RGO by small wt% (~0.1%) to optimized OPC-Fe>O3
cement paste (category as in (b)) and 0.1wt% PVA to OPC-Fe>O3-GO shows a slightly less
improvement in the compressive strength. This improvement is attributed to the accelerated
reaction of C-S-H gel formation as supported by X-ray diffraction structural studies and
Fourier transform infrared (FTIR) analysis which show the presence of gel phase (B-phase).
The developed nanocomposites are considered for the study of photocatalytic and
antimicrobial smart properties. Photocatalytic dye degradation is investigated using UV-Vis
spectroscopy. Excellent dye degradation is observed for the nanocomposites containing TiO»,
Fe»03 and Cu nanoparticles with highest dye degradation rate for nanocomposite containing

Fe>Os which is about 2.5 times faster than that of reference OPC. Antimicrobial studies on

vi



OPC-Fe;03-GO and OPC-Fe;03-GO-PVA shows higher restricted colonial growth of E-coli
compared to reference OPC by about 20% and 18%, respectively. The present findings have
important implications in future developments of OPC based cementitious nanocomposites

for civil construction and smart applications.
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1
CHAPTER-1

Introduction

In the construction industry Ordinary Portland Cement (OPC) has been used as base binding
material of mortar and concrete. Constant efforts have been put by the researchers across the
globe to improve its basic engineering properties including mechanical strength, hydration,
setting time, filler properties, erosion of reinforced concrete etc. OPC based composites
containing various nanomaterials of oxides and polymers are shown to be promising
cementitious materials for construction industry with improved properties. However, it is
quite challenging to achieve optimal content that may lead to modern economic and
sustainable development for the construction industry. Furthermore, the physical and chemical
mechanisms must also be understood in depth to achieve desired work functionality and
future developments. Special emphasis is given to achieve smart properties, such as,
photocatalytic dye degradation/pollutant removal, antimicrobial activity and corrosion
resistance retaining its basic mechanical strength intact. To do so, attempts are being made to
develop cementitious composites containing (a) oxides of Fe2Os3, TiOz, SiO,, ZrO», (b)
graphene and its derivatives such as graphene oxides (GO) and/or reduced graphene oxide
(RGO), carbon nanotubes and nano-fibers, and (c) polymer-epoxy (PVA: polyvinyl alcohol,
PMMA: polymethyl methacrylate). Studies show that addition of these functional
nanomaterials accelerates cement hydration and formation of C-S-H gel, improving
mechanical strength and exhibiting smart properties. A few representative recent

developments are discussed below.

1.1. Cement composites containing functional nanoparticles

1.1.1. Cement composites containing oxides (Fe203, TiO2, Si02)

Cement composites containing various oxide nanoparticles such as nano silica (SiOz), nano
titanium dioxide (TiO2), iron oxide (Fe2O3) nanoparticles usually below 5 wt% show
improvement in the mechanical strength in the range varying from 10-50%. Filling of pores
by the oxide nanoparticles reduces pore volumes. The larger surface area available with the
nanoparticles increase binding strength between nearing neighbours. Their presence in the
OPC host also accelerates hydration producing faster C-S-H gel. Improvement in the

compressive strength and flexural strength are mainly caused by the gel-phase. Nano silica
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(Si02) can improve the compressive strength up to 25% due to the accelerated pozzolanic
reactions and improvement in the microstructures [1]. With improved antimicrobial properties
(self-cleaning or sterilizing the environment), nano TiO; is considered to be good candidate
for smart cement composites. Nano TiO2 shows better tensile and flexural strength, refinement
of pores and prevention of shrinkage, better fatigue strength [2-5] and causes early strength
due to the accelerated chemical process of C-S-H formation. Iron oxide (Fe>O3) nanoparticles
are being considered to be highly effective too for improving mechanical strength. Optimum
presence of FexOs3 (~3wt%) improves microstructural properties, reduces micro-cracks and
propagation (improved bonding strength) that resulted in improved binding [6]. Presence of
oxygen groups in Fe»Os; improves water molecules accessibility accelerating cement
hydration and C—S—H gel formation. It is reported recently that instead of one type of oxide
nanoparticles a mixture of two or more different functional oxide nanoparticles (Fe>03-Si0»,
Ti02-Si07 etc) added together may result even better [7, 8, 9] flexural and compressive
strength due to accelerated cement hydration and C-S-H gel formation, reduced pore volume

(pore filling) forming more compact microstructures.

1.1.2. Cement composites containing GO/ RGO carbon nanostructures

Cement composites containing graphene and its derivatives (GO: graphene oxide, RGO:
reduced graphene oxide), carbon nanotubes (CNTs) nanofibers (CNFs) are of current research
interests for the sustainable developments. Graphene has excellent conductivity of heat &
electricity, high Young’s modulus (~ 1x10'? TPa (terapascals)) and intrinsic strength of ~ 130
GPa (gigapascals) [10]. It can increase compressive strength of about 40% at early stage of
cement hydration when present at low wt% (< 1 wt%) [11]. Graphene oxide (GO) is found to
be highly effective in enhancing tensile strength, reducing growth of crack and refining pore
structure of concrete [12- 14]. Recently functionalized graphene oxide is considered to be
influential in cement hydration that can highly increase flexural (49%) and compressive
strength (35%) [15].

Carbon nanotubes and nanofibers are being incorporated into cementitious materials
that may be considered as next generation promising high performance cementitious materials
with high increase in compressive strength > 100% and >200% at as low as 0.1% carbon
nanotubes and 0.2 wt% carbon fibers, respectively [16]. Improved flexural strength may be a
result of better bridging action and acceleration in cement hydration process, while, inhibition
of extension of cracks and pore refining or porosity reduction may cause improvement in the

compressive strength [17, 18].



1.1.3. Cement composites containing polymers

Protecting infrastructures from chemical attack or environmental damage, cement composites
containing polymer/epoxy may suitably be applied. However, it must be ensured that polymer
containing composites maintain required level of mechanical strength at the same time when
it is used for preventing corrosion or permeation chemicals. Eskander et al [19] has shown
how cement-polymer composite prepared using recycled polystyrene foam waste in cement is
effective for prevention of corrosion. Corrosion resistive polymer (fibre-reinforced polymer
sheets) modified concrete is reported recently by Tu et al [20] showing significant
improvement in the resistance to chloride ion attack. Rustum et al [21] have reported increase
in bond strength due to incorporation of PMMA. It results in enhanced flexural and
compressive strength. Chen et al [22] have shown better controlling of pores due to polymer
loading. Polymer-cement nanocomposite may provide better strength and durability due to

improved pore structure.

1.2. Challenges in the chosen topic (gap in the literature)

From the above background literature reports it is observed that PC based nanocomposites
admixing with various nanoparticles/nanofibers may offer improved mechanical strength,
filling properties, reduced cracks, corrosion & shrinkage, abrasion or erosion, microbial
activity etc. Although a huge literature exists on the development of various cementitious
materials showing appreciable improvement in the mechanical strength the real cause is still
not clear. It is usually assigned to faster cement hydration and formation of C-S-H gel phase.
However, understanding physical and chemical processes during cement hydration and curing
through the study of structural and spectroscopic investigations is highly needed. At the same
time, developing cementitious nanocomposites with smart properties, especially
photocatalytic dye degradation and antimicrobial activity for cleaner production of
environment maintaining mechanical strength at required level is highly desirable and
challenging for future sustainable developments of civil infrastructures. Developing
technologically viable smart cement nanocomposites would be first step in solving the above

issues to large extent.



1.3. Objective of the proposed PhD works 4
Motivated by the above challenges existing in developing smart cement nanocomposites we
propose the title of the work as ‘Cement based smart nanocomposites containing metal
oxides, graphene oxides and polymers for building applications.” The objectives of the

proposed thesis work are listed below:

1. To develop cement based smart nanocomposites containing oxides (Fe203, TiO2, SiO3)
and metal (Cu) nanoparticles, and study of their structural and mechanical properties.

2. To develop cement based nanocomposites containing graphene oxides (GO) and
reduced graphene oxides (RGO), and study of their structural and mechanical
properties.

3. To develop cement based nanocomposites containing polymers (PVA: polyvinyl
alcohol) to improve mechanical strength.

4. Study of photocatalytic dye degradation, antimicrobial properties and chemical

stability on the developed cement based smart nanocomposites.

1.4. Working methodology/Flow Chart of the proposed work
1.4.1 Development of cement nanocomposites containing metal- oxide and metal

nanoparticles, graphene oxide, reduced graphene oxide and polymers

We use FexO3, TiO2, SiO2, Cu nanoparticles, GO, RGO, and PVA in OPC at appropriate wt%
to develop smart cementitious nanocomposites. Chemicals and other nanomaterials are
purchased and used without further purification. Appropriate doses of additive nanomaterials
are obtained by achieving optimized mechanical strength for each added nanomaterial.
Compressive and flexural strengths are monitored at each stage of cement hydration (3 days,

7 days, 14 days and 28 days).

1.4.2 Mechanical strength measurements
Compressive strength and flexural strength are measured using compression testing machine

(CTM) at each stage of cement hydration and curing (3 days, 7 days, 14 days and 28 days).

1.4.3 X-ray diffraction (XRD)
Microstructural properties of cement composites containing functional nanoparticles before

and after the incorporation into OPC are investigated using X-ray diffraction.

1.4.4. Fourier transform infrarved (FTIR)spectroscopy
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Chemical changes at each state of cement hydration and formation of C-S-H gel phase are

monitored using Fourier transform infrared spectroscopy.

1.4.5. UV-Vis spectroscopy
Visible light driven photocatalytic dye degradation (Rhodamine 6g) is studied on the smart

cement composites using UV-Vis spectroscopy.

1.4.6. Antimicrobial studies
Antimicrobial activity was detected by using the disk diffusion method against E. coli MTCC
2126). The plate was incubated at 37 °C inside a BOD incubator and observed for the zone of

inhibition after 24 hours. The results are compared with that of OPC reference.

1.4.7. Chemical stability studies
Sample bricks are coated with optimized composite cement pastes and dipped in acid water
solution for different time duration. Surface smoothness is monitored to compare with bricks

surface coated with reference OPC paste.

1.5. Structure/chapter outline of the thesis

Chapter wise thesis content is organized as follows. In the chapter-1 we have presented
introduction to the cement nanocomposites containing metal oxide and metal nanoparticles,
graphene oxides and PVA. Research gap and subsequently thesis objectives are outlined. In
the chapter-2 detailed literature survey relevant to the present thesis work is presented. In
chapter-3, experimental techniques essential to prepare and characterize cement composites
are outlined. Subsequently, in chapter-4 we have presented the details of the development of
smart cement nanocomposites containing metal-oxide and metal nanoparticles and a
systematic study of their mechanical and structural properties. In the chapter-5 development
of the cement nanocomposites containing Fe>Os, graphene oxide and reduced graphene oxide
is reported. Structural, mechanical and vibrational properties are discussed. Chapter-6
contains reports on the development of cement nanocomposite containing PVA, optimized
Fe»03, and GO. In the chapter-7, reports on the photocatalytic dye degradation, antimicrobial
activity and effect of acid water treatment on the developed cement nanocomposites are
presented. Conclusions and future scopes are outlined in the chapter-8. References are placed

at the end.
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CHAPTER-2

Literature Survey

Introduction: Interests in smart cement nanocomposites

Development of smart cement nanocomposites containing various functional nanomaterials
such as oxides (TiO2, Fe20s, SiO2, Zr0y), graphene and its derivatives (GO/RGO), carbon
nanomaterials (CNTs)/ nanofibers, and polymeric materials that are reported in last 10-15
years is discussed in this chapter.

Smart cement nanocomposites containing functional nanomaterials have been
considered as potential candidates for long run sustainable developments in the construction
industry. They have potential applications in cleaner production, especially, for photocatalytic
dye degradation, air/water pollution control, hydrophobic surface and antimicrobial activities;
in piezoelectric sensing, thermal and electrical conductivity, and in preventing chemical
attack/ corrosion resistance [23-28]. These smart nanocomposites not only display smart
properties but also retain their basic mechanical strength at desired level. Due to their
modified and improvised mechanical properties and smart functionalities, they are of high
demand worldwide. Portland cement (PC) being the basic ingredient of smart cement
nanocomposites has been used widely in the construction industries. A variety of portland
cements are existing depending upon their purpose of applications as shown in the Figure-2.1.
Additive functional nanomaterials play crucial role in accelerating cement hydration and C-S-
H (calcium-silicate-hydrate) gel formation that may result in faster development of
mechanical strength. Usually, different metal oxides, metal nanoparticles, carbon
nanomaterials and polymers are being added to ordinary portland cement (OPC) (at small
weight percentage) to modify mechanical, physical & chemical properties of cement
concretes. One of the key aspects of improving mechanical strength is to prevent cracks in the
cement. Cracks may appear due to brittle nature of cement composites which may affect
durability (Figure-2.2). Furthermore, porosity may also cause deterioration of concrete. Thus,
maintenance is required to keep constructed building, walls, bridge etc at safe level but at the
expense of extra cost. To mitigate microcracks and subsequent damage, and to increase
compressive/tensile strength, various oxides, and functional nanomaterials such as carbon

fibers,
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Figure-2.1. Different types of portland cements that have different application purpose.

graphene and polymers are added to base cement. Metal and oxide nanoparticles have larger
active surface compared to micro- and macro- particles; therefore, they may lead to stronger
binding with surrounding cement components by filling of pores [29]. On the other hand,
microfibers and macro fibers (large) play vital role in preventing microcracks and subsequent
formation of macrocracks and their propagation through bridging action [30]. Hence, size of
cement particles and various additive nanoparticles may play an effective role for achieving
cement strength. Figure-2.2 shows a plot of surface area of various particles useful in
construction Industry [31]. It shows high surface area associated with nanoparticles that may
be useful for the preparation of high strength cement nanocomposites. As has been mentioned,
one needs to incorporate various nanomaterials, such as, TiO (titanium dioxide), Fe;O3 (iron
oxide), SiO> (silicon dioxide), ZrO (zirconium oxide)), GO (graphene oxide), RGO (reduced
graphene oxide), carbon nanomaterials (CNTs (carbon nanotubes), CNFs (carbon
nanofibers)), and polymers (PMMA (polymethylmethacrylate)) to the base portland cement
for achieving high cement strength [32, 33]. However, based on the fact that large volume of
nanoparticle required in the construction may lead to multifold increase in the overall
production cost. Furthermore, application specific choice of nanomaterials in cement
nanocomposites needs optimization and deeper understanding through extensive research. In
the past 10-15 years, researchers across the globe have put tremendous research efforts to

fabricate novel cement nanocomposites containing various functional nanomaterials and
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understand basic mechanical properties and smart properties. Year wise publications, as

shown in Figure-2.3, reflect studies on a variety of cement nanocomposites containing various

functional nanomaterials. For the plot google scholar search engine is used with appropriate

‘string’ of search as mentioned in the legend (with no further filtration). Figure shows strong

research interests with increasing trend over the years. The chapter focuses on the recent

developments of the cementitious materials that are reported in the last 10-15 years. Two

aspects are considered for focused discussion: (a) basic mechanical properties (compressive

and flexural strength) and (b) smart properties especially on the photocatalytic dye

property,

degradation, antimicrobial activity, hydrophobicity, piezoelectric
resistance. After some basics we will discuss these aspects.
(a) Microfibers _ p
T Large fibers
Microcracks /1
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Short microfibers
s Large fibers
Plain matrix
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N gil Concrete
+—— High-Strength/High-Performance Concrete ——
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1,000,000
100,000 : ‘
10,000 QF""'E
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1,000 Finely Ground " Portland Cement
13 Mineral Additives Fly Ash ;Ef:egale
10 Natural Sand
4 | Coarse
0.1 Aggregates
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Figure-2.2. Relation between load & crack developed in the sample (a), and relative size of

material used in construction industry (b). Figure source: (a) from Ref-7, and (b) from Ref-9.
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Figure-2.3. Year wise number of articles published on the topics as mentioned in the legend.

2.1 Cement basics
2.1.1 Cement compositions

The most common type of cement in the hydraulic cement category used for construction
purpose is portland cement which is made of various silicates and oxides. When
clinker minerals and water are mixed together the hydration process results in the hardening
of the mixture.

Clinker phases are:

Alite (C3S): 3CaO SiO2

Belite (C2S): 2CaO SiO»

Tri-calcium Aluminate (Celite C3A): 3Ca0O Al,O3

Brownmillerite (Felite C4AF): 4CaO Al2O;3 Fe203

Limestone (CaCO3) is burnt to produce CaO. This process release CO> (main source of
carbon dioxide emission during calcination). CaO then reacts with SiO2, AlbO3 to produce
2Ca0 SiO2/ 3Ca0 SiO; and 3CaO AlOs, respectively and with Al2O3; and Fe>O; to form
4CaO AL Os FexOs

CaCO3; — CaO + CO2

2Ca0 + SiO2 — 2Ca0 SiO; (or CazSi04)

3Ca0 + SiO2 — 3Ca0 SiO; (or CazSiOs)

4Ca0 + AL,O3 + Fe20O3 — 4Ca0O AlLO3 Fex0O3

The typical composition of portland cement [34] is
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Ca0: ~65%, SiO2: ~20%, Al203: ~5%, Fe203: ~ 3%

Along with some other compound of minor quantity (such as MgO, SO3, CaSO; etc)

2.1.2 Cement dispersion

Cement dispersion plays crucial role on initial cement hydration and microstructural
properties. Water content to total available surface area of cement paste, mortar or concrete
influences heat evolution and packing [35]. Well dispersion of additives is essential to achieve
better workability of cement paste, mortar or concrete and reliable mechanical strength.
Cement paste strength predominately varies depending upon w/c ratio of workable mix. It
reduces as ratio increases as in the Figure-2.4, shown typically at 7 days of curing [36]. There
are various models proposed in calculating strength of cement mix [37-40]. Elaborate
discussion is beyond the scope of present review. However, it is noteworthy that simplistic
models were given earlier by Feret [37] and Abrams [38], and subsequent improvements
and/or discussions, and various other models are can be found in the references [39, 40].

Interested readers are referred to these references.

50 T T

40
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0.4 06 08 1.0 1.2
WI/C (water to cement) Ratio

Compressive Strength (MPa)

Figure-2.4. Influence of w/c ratio on the compressibility of cement mix typically at a curing

of 7 days.

2.1.3 Cement hydration and setting time

Cement hydration is exothermic chemical reaction between cement & water when mixed
together. Water to cement ratio (w/c), casting temperature, presence of C3A and C3S influence
the overall hydration of cement. Furthermore, cement hydration also gets influenced by

micro/nanostructures and fineness of mixed components. Reaction of C3A, C2S and C3S with
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water results in hydrated calcium aluminate, hydrated dicalcium silicate and hydrated
tricalcium silicate along with CH (i.e. Ca(OH)2), respectively. Addition of water to cement
results in initiation of cement hardening. This is an important process where optimum setting
time is expected, as, too slow or quick may create problem of mixing, transportation and
placing the cement mixture at the required places. Usually, half an hour to about 10 hours is
considered to be ideal (according to IS 456-200 cement setting time can not be less than 30
minutes once water is mixed). Setting time gets influenced w/c ratio, admixtures and fineness
of cement. A detailed discussion on the cement hydration using predictive models based on
the dissolution and water diffusion theory can be found elsewhere [41]. These models can

predict accurate cement hydration and concrete’s performance evolution.

2.1.4 C-S-H gel formation in cement paste

Nanoscale building block of cement binder is calcium-silicate-hydrate (C-S-H) cohesive gel
with no fixed composition and structure. Its formation starts when alite ((C3S): 3CaO SiO,) or
belite ((C2S): 2Ca0 SiO») reacts with water (chemical reactions are as follows: 2C3S + 6 H.O
— 3 CaO e 2S5i0z0 3H,0 + 3 CH + heat energy (high), and 2C,S + 4 H>O — 3 CaO e 2Si0,e
3H,O + CH + heat energy (low)) during the cement hydration process [41-45]. It is
noteworthy that C3S hydration is faster, and is responsible for early-stage cement strength
(within first 7 days) while CaS reacts with water slowly and results in latter stage (after 7-14
days) cement strength. Mechanism of C-S-H gel formation leading to cement setting is not
straight forward which needs more study. Due to large surface area, cement hydration rate
may be accelerated by the presence of C-S-H with increased precipitation in the capillary
pores. The formation of gel phase/cement hydration process can be studied using X-ray
diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopies [46, 47] to

understand chemical changes that occur during hydration process.

2.1.5 Consistency of cement paste

Cement consistency is useful to work with cement paste. It is the ability of cement paste to
flow, and defined as the quantity of water required to make the cement paste of normal
consistency. Vicat’s apparatus is used to test cement paste consistency. Typically, 24% (wt%)
water (or, if required, vary it from 26% to 33%) is added to 500g of cement and mixed, and

plunger is gently released to obtain depth of penetration within 5-7 mm from the bottom.
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2.1.6 Compressive strength
Compressive strength (CS) is the signature of cement strength defined by the ratio, fc = F/A,
where F = maximum force applied to the specimen before break, and A = area on which the
force is applied. It is the capacity up to which the material withstands loads against
compression or reducing size of the specimen. Compressive strength is measured upon
standard sample size (for example: mold of dimension 70.6 x 70.6 x 70.6 mm, the sample
cube size is in conformity with the Indian Standard, 516:1959). Test samples are cured at 3 to
28 days at an interval of 7 days. After normal drying (at ambient) the sample cubes are tested

for compressive strength using compression testing machine (CTM).

2.1.7 Flexural strength

Ability of a material to withstand bending action due to applied load is termed as flexural
strength (FS). Itis also termed as modulus of rupture. Flexural strength is a measure of
tensile strength indirectly. It can be measured from a three-point loading and centre-point
loading test. Flexural strength is measured upon standard sample size (for example: mold of

dimension 100 x 100 x 500 mm, IS 516:1959) cured for 3 days, 7 days, 14 days and 28 days.

2.2. Cement nanocomposites containing functional nanomaterials

We will now discuss detailed reports on the developments of cement nanocomposites
containing various functional nanomaterials. It has already been mentioned in the previous
section that cement nanocomposites containing various oxides, polymers and carbon materials
are shown to accelerate cement hydration process with improved mechanical strength and

other smart functionalities. A systematic discussion is presented below.

2.2.1. Cement nanocomposites containing TiOz, SiO2, Fe203 and ZrQO>

Incorporation of oxide nanoparticles, especially, TiO2, SiO2, Fe2O3 and ZrO» into cement host
accelerates cement hydration improving compressive and flexural strength. It is usually safe
to add non-toxic oxides to improve mechanical strength. For example, SiO» being one of the
constituents of cement is added for further improvement of the mechanical strength of
portland cement. Recently, flexural and compressive strength enhancement is reported by Ng
et al [1]. They used nano-sized TiO,, SiO,, and Fe;O3 in cement mortar and showed
improvement in the compressive strength in the range of 38-35%. Feng et al [2] showed how
nano-TiO> in cement reduces microcracks and surface roughness using atomic force

microscopy. Acceleration in pozzolanic reactions improves microstructures of concrete. In
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this view, process of C-S-H gel formation plays major role in strengthening concrete (Singh et
al [48]). Therefore, understanding pozzolanic reaction, cement hydration and subsequent
acceleration in the formation of C-S-H gel have been considered as prime set points for
developing futuristic smart cement composites. In the recent past, Han et al [3] has studied
cement mortar and reported enhancement in tensile strength and flexural strength due to
accelerated chemical process of C-S-H formation. Effect of nano-TiO» on hydration and
shrinkage is studied by Zhang et al [4]. They showed enhanced compressive strength and pore
refining and shrinkage. Phase of TiO2 may play pivotal role in enhancing fatigue and FS of
cement composites [5, 49].

Hematite (Fe2Os3) nanoparticles may be considered as highly effective in improving
mechanical strength due to their structural stability and possibility of physic-chemical binding
and accelerating pozzolanic reaction at early stage [1, 6, 8]. On the surface of these
nanoparticles C-S-H gel may grow which may further act as nucleation sites for the growth of
C-S-H gel or B-phase, leading to the formation of more compact structure with reduced pores
[1]. For example, Li et al [8] have shown experimentally that incorporating Fe,O3 and SiO; in
to cement host increases compressive and FS of cement mortar which could be due to the
reduction of pores or filling of pores by the added oxide nanoparticles. C-S-H growth is
responsible for the enhancement in CS and FS, as reported by Kiamahalleh et al [6]. It is
noted that optimum wt% of nanoparticles within the cement plays decisive role in enhancing
mechanical strength and microstructural properties. This is also reported that reduction in
micro-cracks results in improved bonding and hence mechanical strength. Optimum dose of
Fe20s3 is found to be ~ 2.5 wt% in the cement mortar, showing influential effect of preventing
the formation of microcracks and their propagation [6]. Furthermore, its presence is effective
too in improving water molecules accessibility to the cement C—S—H and oxygen groups of
Fe»0s during cement hydration [6]. Among other oxides, effect of nano-sized ZrO»> on PC is
studied by Trejo-Arroyo et al [50]. They reported that mortar with ZrO» nanoparticles showed
enhanced microstructural properties with high degree of compaction and increased
compressive strength by ~ 9%. The presence of ZrO> nanoparticles inhibited growth of large

Ca(OH): crystals too.

2.2.2 Cement nanocomposites containing GO/ RGO and carbon nanomaterials
Cement nanocomposites containing graphene and graphene oxide have drawn significant
research interests due to exotic properties of graphene. For example, it has excellent

conductivity of heat & electricity, high Young’s modulus (1 TPa) and intrinsic strength (130
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GPa) (Alkhateb et al [10]). Only about 1wt% of graphene addition to cement may be
sufficient to improve mechanical strength and other smart properties. Yang et al [11] have
reported huge improvement in the compressive strength (~ 40%) when they added only 0.2
wt% of graphene to cement even within the aging of 3 days and 7 days. A considerable
increase in the CS is observed too by Cao et al [12] when they added graphene nano-sheets.
Babak et al [13] have reported increase in tensile strength by the use of 0.1 - 2 wt% GO
(graphene oxide) along with 0.5 wt% super plasticizer. The presence of graphene oxide in
composite reduces the growth of crack in cement mortar [14] and influences pore structures of
concrete [51]. Recently functionalized graphene oxide and cement composite is studied by
Wang et al [15]. Graphene oxide is functionalized with APTES (3-aminopropyl
triethoxysilane) and amorphous SiO2 to protect GO basal plane from alkaline environment
and participate in to cement hydration process. With 0.15 wt% FGO (functionalized graphene
oxide) in the cement composite a huge increase of about 49% and 35% in flexural and
compressive strength was observed by the authors. This could be due to the improvement in
the bonding between the nanoparticles and cement. Functionalized graphene oxide could be
future potential candidate for cement industry. There are a few recent articles showing some
studies on piezoelectric properties, thermal conductivity of concrete-GO/RGO, and multi-
functionalities of cement-multilayered graphene. For example, Rehman et al [52] have
prepared GNP cement composites and shown 30% increase in load carrying capacity. At
maximum compressive load electrical resistivity drops by 42%. Recently Zhang et al [53]
have developed a novel self-sensing cement composite using RGO in cement. They have seen
improvement in the compressive strength (by ~ 29%), flexural strength (by ~ 49%) and
electrical conductivity (by ~ 23%). A report by Sun et al [54] on cement composite containing
multi-layer graphene shows 54% increase in compressive strength, 1.6 time higher shielding
effectiveness, and ~ 7 times stronger absorption performance compared to composite without
multi-layer graphene.

Other carbon nanomaterials, such as, SWCNTs (single walled carbon nanotubes) and
MWCNTs (multiwalled carbon nanotubes) have strong influence too on mechanical,
structural and optical properties. These are considered as next generation promising high
performance materials for cement industry. Incorporation of short carbon fibers in to cement
reduces porosity, increases stiffness of the materials and mechanical strength [55]. A very high
increase in CS of cement mortar up to 154% & 217% is reported by Yazdani et al [16] when
they just incorporated only 0.1% to 0.2% carbon nanotubes and fibers. In fact, carbon fibers

help in arresting cracks and can show better load transfer mechanism [56].Carbon fibers with
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strong interfacial formation can bridge cracks and improve surface quality by reducing pores,
resulting in better bonding and C-S-H cement hydration. Addition of carbon nanotubes (0.5%
CNT) along with SiO2 (20%) increases compressive strength of cement mortar [57]. When
CNT fibers and PVA (polyvinyl alcohol) are used in the composite an increase in the flexural
strength is seen (Metaxa et al [58]). On the other hand, carbon nanotubes (SWCNTs and
MWCNTs) in cement mortar also show considerable improvement in the compressive and
flexural strength [17, 18, 59-61]. When MWCNTs and CNFs (carbon nanofibers) are added
together to cement mortars, a significant enhancement in the flexural strength (~106%) is seen
as reported by Gdoutos et al [59]. Uniform dispersion of carbon nanomaterials is necessary
for improving mechanical strength. Effective dispersion can be made by functionalizing
carbon nanomaterials with hydrophilic functional group such as COOH. Cement mortars
containing COOH functionalized MWCNTs are studied by Sarvandani et al [60]. Various
amounts of MWCNTs (0.05 % to 0.4% by weight) are added to cement mortars, and
compressive and flexural strengths are studied at different environmental conditions. They
have seen an increase in flexural strength which is a result of better bridging action.
Furthermore, it may be noted that filler action may refines pores, improve mechanical and
microstructure properties, inhibits cracks by better bridging actions with accelerated cement

hydration process (C-S-H phase) [17, 18].

2.2.3. Cement nanocomposites containing polymers

Protecting infrastructures from chemical attack or environmental damage, cement composites
containing polymer/epoxy may suitably be applied. However, it must be ensured that polymer
containing composites maintain required level of mechanical strength. A study by Fan et al
[62] has shown that cement composite containing 0.6 wt% PVA increases compressive
strength of ~12%. They have also shown capillary water absorption decrease by ~60%.
Another report by Eskander et al [19] has shown how cement-polymer composite (recycled
polystyrene foam waste in cement) may be considered as effective for corrosion resistance.
Corrosion resistive polymer (fibre-reinforced polymer sheets) modified concrete is reported
recently by Tu et al [20] showing significant improvement in the resistance to chloride ion
attack. Rustum et al [21] have reported increase in bond strength due to incorporation of
PMMA. It results in enhanced flexural and compressive strength. Chen et al [22] have shown
better controlling of pores due to polymer loading. Polymer-cement nanocomposite may

provide better strength and durability due to improved pore structure.
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Admixing of various functional nanostructures of oxides, polymers and carbon materials

shows improvement in the CS. This is caused by the accelerated hydration of cement and C-

S-H gel formation which may lead to pores reduction and prevention of cracks formation and

propagation. While addition of TiO2, SiO; and Fe>O; nanoparticles (at < 5 wt%) shows

improvement in the compressive and flexural strength due to effective pore filling and cracks

reduction [63-73], the addition of GO/RGO and CNTs results in even higher (beyond 100%)

compressive and flexural strength due to accelerated cement hydration, bridging action,

controlling of cracks and cracks propagation [13, 16, 74-77]. Furthermore, only < 1 wt%

carbon nanomaterials are required to be added to the base cement. On the other hand,

polymers are added to improve corrosion resistance and reduce permeation [27, 78, 79]. A

comparative study is presented in a tabular form (Table-I) for easy guidance to these findings.

Some selective representative reports on the developments are discussed.

Table-I: Various properties of cement nanocomposites

Portland cement Compressive strength Filling of Cracks/corrosio | Ref
(PC) based pores/microstructure | n improved?
nanocomposites improved?
PC with 1 wt% Nano | Increase by 12% with up to 22% 30% reduction [63]
TiO; respect to control PC in cracks
PC with 10 wt% Decreased by 10% with | - Minor [64]
Nano TiO2 respect to control PC improvement in

cracks reduction
PC with 1 to 5 wt% | Increased abrasion Improved - [65]
TiO> resistance, good fatigue | microstructure of

strength concrete
PC with nano silica | ~6% increase compared | additional B-phase Increased [66]
(~2.5 wt%) control sample (C-S-H gel) impermeability
formation by 23.9%, and

increased
resistance to
chloride ions by

14.7%




Nano silica coated ~87% increase in FS and | Filler action and - Inhibition of [67]
TiO3 in reactive 12% increase in CS phase (C-S-H gel) cracks
powder concrete formation caused by
(RPC) Pozzolanic action
Nano-SiO; up to 3 Increase in compressive | Porosity reduces, - [68]
wt % strength by ~50% (60 pore diameter also

MPa to 90 MPa at 28 decreases

days), increase in

flexural strength by ~

50% (10 MPa to 20 MPa

at 28 days)
Nano-SiO; up to 4 Compressive strength Reduces porosity - [69]
wt% increases by 106% (9 and also refines pore

MPa to 17 MPa), flexural | structure (from 20-

strength increases by ~ 50 nm size to 20 nm

67% (3 MPa to 5 MPa) size)
PC with 0.5to 3 Increase in compressive | 2 to 3% can improve | Improvements [70]
wt% Fe2O3& FesOs4 | strength by up to 2-3% the hydration in micro-cracks

process

PC with 1, 3 and 5 Increase in compressive | Improvements of - [71]
wt% Fe2O3 strength by up to 75% microstructure

(from 25 MPa to 44

MPa), flexural strength

increases by ~ 60% (from

4.2 MPa to 6.7 MPa)
PC with 1 to 5 wt% | Maximum compressive Porosity decreases - [72]
Fe,0s strength at 2.5% of Fe,O3

(from 26 MPa to 34MPa)
3 wt.% of nano- | Minor increase in Acted as a filler, - [73]
Fe304 compressive strength improving

microstructure of
cementitious
composite with

reduction in porosity




PC with graphene Up to 48% increase in Good bonding Growth of [13]
oxide (0.1 to 2 wt% | tensile strength between GO & cracks in
GO) and super- Cement matrix controlled
plasticizer (0.5 wt%) found efficiently
0.05 wt% GO in CS increased by 15-33% | Addition of Formation of [74]
cement (31.3 MPa to 38.8 MPa) | graphene oxide barrier by GO

and FS by 41-59% (4.7 | possibly promote the | sheet may

MPa to 7.0 MPa) hydration process prevent crack

propagation

0.05 wt% GO in The flexural strength Addition of - [75]
cement paste increased by 90.5% after | graphene oxide

28 days, and compressive | possibly promotes

strength increased by hydration, pore

40.4% volume reduction,

and accelerates
crystallite formation

Multiwalled carbon | Increase in both flexural | Decrease in porosity - [76]
nanotubes & compressive strength
0.1t0 0.2 wt% CNT | Up to 150% increase in Reduction in Effective crack | [16]
& CNF to enhance CS and 50% increase in | porosity & more control
CS & FS FS stiffness
Multiwalled carbon | Increase in compressive | Decrease in porosity | Can delay in [77]
nanotubes in cement | strength by up to 40% is micro cracks
mortar & paste observed propagation
Polymer modified Generally, compressive Pore structure and Polymer [78]
concrete (polymer strength gets reduced. compactness of modified

modifiers: polyacrylic
ester emulsion,
organic silicon
waterproof agent and
styrene-butadiene

rubber latex)

Addition of fly ash may
improve compressive

strength

concrete may be
improved through
polymer

modification

concrete shows
improvement in
the resistance to
chloride ion

penetration
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2.4. Smart properties of cement nanocomposites

Cement nanocomposites with smart properties are of recent research interests due to potential
applications in self-cleaning and photocatalytic activities [80-90], antimicrobial activities [91-
97], piezoelectric (PZT) smart properties [98-100], corrosion and shrinkage [101-104],
mechanical, thermal and electrical properties [105-109] and hydrophobic coatings [110-116].
This smart sensing has now been possible due to technological developments and discovery
of novel functional nanomaterials. Smart materials show unique signature property in
response to the external excitations. Primarily, the addition of nano-sized materials to OPC
would not only improve the basic mechanical strength of the cementitious materials but also
exhibit certain smart properties. In the present review, photocatalytic activity, dye
degradation, self-cleaning and antimicrobial properties are specifically discussed for
composites containing oxide materials such as TiO», Fe2O3, SiO2, CuO, ZnO, Al,O3 and CdS
as main additives (they are potential photocatalysts and antimicrobial agents). Graphene and
its derivatives, carbon nanomaterials are discussed for shrinkage and bridging effect. Tyre-
rubber, crumb-rubber materials are important to generate hydrophobicity within cement
composites. Piezoelectricity, corrosion and thermal stability are also discussed to show
potentials applications and sustainable developments. It is noted that for enhancing various
properties, nanomaterials need to be added at an optimum level. Higher dosage may lose
effectiveness. Furthermore, sometimes, co-addition of two different nanomaterials may also
result in better performance than that with one type of nanomaterial. In the Table-II, we have
outlined some important smart properties that are achieved with the addition of different
nanomaterials. From the large available literature reports we have picked up only some

representative references for the discussion.

Table-II: Smart functionalities of cement nanocomposites

Cementitious composites Specific purpose Level of improved Ref
addressed
Graphene/TiO> Under visible light The performance is compared [80]
nanocomposites coating on discoloration of RhB | among (a) no coating on cement
cement mortar (self-cleaning) and mortar, (b) TiOzcoating on
removal of NO (air cement mortar, (c)
purification) TiOz/graphene coating on
cement mortar. Graphene (2D
planar conjugated z-structure)
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favours adsorption of target
pollutants due to higher specific
surface area. This results in more
effectiveness of TiO2/graphene

in the composite

Nano-TiO2 cement concrete, | Photocatalytic dye Nano-TiO> may be used by both | [81]
Nano-TiOz is used by IDM (methyl orange (MO)) | the methods (for better
(internal doping method) and | degradation photocatalytic performance) that
SPM (spraying method) may depend on the type of
application: IDM for pavement
materials, and SPM for wall
building materials
Cement Composites Photocatalytic dye Enhanced dye-degradation is [82]
containing Fe;O3, TiO2 and degradation (of observed. Highest degradation
Cu (copper) nanoparticles Rhodamine-6G) rate of about 2.5 times faster
(OPC containing Fe>O3)
compared to control sample is
observed
Photocatalytic additive (TiO2) | To study degradation | 1% of TiO» addition results in [83]
in mortars rate of common urban | reasonable degradation rate of
pollutant, NOx NOx without losing mechanical
strength
Anatase-type TiO>/cement Photocatalytic dye TiO-mortar cementitious [84]

mortar system for dye

degradation

(Methylene Blue
(MB)) degradation
under UV light

materials show photocatalytic
activities without damaging of
mechanical properties. Highest
MB degradation of ~76.6%
happens in 4.5 hours with 1%
TiO;. Other concentration is less

effective.




TiO2-cement mortar Photocatalytic Addition of TiO2 shows [85]
cementitious materials activity: NOx removal | photocatalytic activity without
significant change in FS and the
CS of the modified cements
Cement mortar containing | Photocatalytic dye Dye degradation rate: [86]
Ag-TiO; photocatalysts (methyl orange (MO) | (a) For MO, it is 95.5% at 30
and methylene blue minutes under UV light
(MB)) degradation (b) For MB, it is 69.8% at 40
under ultra violet minutes under visible light
(UV) and visible light
Cu-Ti02/Si0; photocatalyst Self-cleaning and air- | Addition of Cu in to TiO> [87]
coating on concrete pollution reduction photocatalyst (up to ~5% wt)
promotes photocatalytic activity.
95% MB (methylene blue)
degradation occurs within 60
min. Photocatalytic activity
decreases for Cu doping beyond
5wt% may be due to defect
states (trap states)
CdS/TiOz-cement- Photocatalytic dye Under UV light, TiO2-cement [88]
nanocomposite catalyst degradation composites result better dye
degradation, whereas, CdS-
TiOz-cement composite is more
efficient under visible light
Nitrogen and carbon co- Self-cleaning/dye Modified TiO; shows better [89]
modified TiO2 photocatalyst | degradation upon UV- | photocatalytic efficiency than
in cement pastes for Vis light exposure unmodified TiO>
photocatalytic activity
Cement samples containing RhB dye degradation | BiOBr precursor in cement [90]
BiOBr precursor for RhB and NOx removal matrix shows better
degradation and NOx photocatalytic activity compared
removal under visible light to control sample
Zn0O or ZnO-Si0; and lignin- | Prevention or slower | ZnO-enriched systems showed [91]
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cement composites

bacterial growth

(antimicrobial study)

high antimicrobial resistance,
Zn0O-Si0; showed deterioration
of the antimicrobial effect, with
lignin showed lower growth than

other systems

Silica-titania (SiO2/TiOz) Self-cleaning, It acts as filler, self-cleaning [92]
core-shell nanostructures- bactericidal, and and bactericidal properties under
cement mortar photocatalytic UV exposure are also observed
properties
Antimicrobial Activity of Antimicrobial Proper mixing of metal oxide [93]
AlL>03 (aluminum oxide), properties nanoparticles in cement
CuO (copper oxide), Fe304 nanocomposite is important in
(ferrosoferric oxide) and ZnO observing antimicrobial
(zinc oxide) nanoparticles in response. Unproper dispersion
cement-based building may not be effective.
materials Furthermore, even antimicrobial
response of different strains
from same species may be
different.
PMMA based cement To enhance Silver nanowires (1 wt%) will [94]
composites: Addition of silver | antibacterial activity enhance antibacterial activity
nanowires for antibacterial against aureus
activity
Inhibition ability of growth of | Inhibition ability of 0.1% ZnO, 0.5% CuO, and 1% [96]

bacteria and fungi due to the
presence of copper(Il) oxide,

zinc oxide and titanium(I'V)

growth of E. coli or P.

aeruginosa (bacteria)

and C. albicans

TiO> can be used separately for
inhibition of growth of bacteria

and fungi with highest inhibition

oxides in the cementitious (fungi) with CuO. The dispersion is an
material (cement mortars) important factor that may affect

the workability and strength.

This may even affect

antimicrobial activity.
ZnO nano-needles in white Enhanced ZnO nano-needles in white [97]
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cement for photocatalytic, photocatalytic, cement showed significant
hydrophobic and hydrophobic and improvement in the
antimicrobial property antimicrobial property | photocatalytic, antimicrobial

activity
Piezoelectric cement (30— | Piezoelectric Improvement in piezoelectric [98]
70% PZT (lead zirconate | properties properties
titanate) with w/c of 0-20%)
Piezoelectric cement Dielectric and Properties depend on the [99]
composites piezoelectric interfacial microstructure

properties between the matrix and the

piezoelectric insertion
Piezoresistive properties of Piezoresistive For optimal piezo-resistivity [100]
cement mortar doped with properties GNP may be used in the range of
graphene nanoplatelets 0.05% to 0.1%
(GNPs)
Nanoclay and graphite in Reduction of Plastic shrinkage reduction by ~ | [101]
cement (0 to 1 wt% of shrinkage 70% is achieved (independent of
cement) composite for the nanomaterial type)
reduction of shrinkage
Carbon nanotubes-cement Shrinkage and About 0.05-0.1% of CNTs [102]
mortars incorporation of bridging effects mixing reduces early-stage

shrinkage by ~ 62%. Reduction

of capillary stresses by filler and

nucleation effect of smaller

diameter CNTs decreasing fine

pores between the hydration

products may be responsible
Cement mortar and concrete | Corrosion resistance The cement mortars and [103]

prepared with distilled and

electrolyzed water (30 min)

study (sodium

sulphate: Na>SOq,

sodium chloride:

NaCl, and a combined

mixture of Nax;SO4 &

concretes prepared with
electrolyzed water show less

attack
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NacCl solution)

Cementitious composites: Corrosion resistance Corrosion inhibition efficiency [104]
addition of nano-TiO; and to acidic solution, tap | is good up to 5% of nano-TiO2
effect on microstructural and | and saline water for all the environments
corrosion resistance
properties
Nano titanium dioxide Improvement in the Nano TiO> improves mechanical | [105]
(nTiO2) in EGA (expanded mechanical properties | properties and water resistance
glass aggregates)-mortar and resistance to water | ability
Reduced graphene oxide Enhancing thermal 1.2 wt. % RGO doping enhances | [106]
(RGO) in cement mortar properties of cement thermal conductivity and
mortar by thermal diffusivity coefficient by
incorporating RGO 7.8 % and 29 %, respectively
Graphene oxide (GO) in Improving thermal Thermal conductivity increases | [107]
cement mortar conductivity by 8.6% when 0.02 wt% GO is
added to cement mortar
GO in cement (paste/mortar) | Electrical conductivity | Electrical conductivity is 50% [108]
higher than control sample when
0.03 wt% GO is added to cement
Addition of nanosilica into Thermal stability Considerable enhancement of [109]
cementitious material thermal stability due to addition
of nanosilica (5wt%). Sample
that does not contain nanosilica
shows more damage at elevated
temperature. Pozzolanic activity
and reduction in CH seem to be
the primary reason for minimum
damage and higher stability.
Ionic paraffin emulsions To improve Addition of 4.0% NPE (non- [110]
(IPEs) in cement hydrophobicity ionic paraffin emulsion) in

nanocomposite

cement mortar exhibits
outstanding hydrophobicity

compared to anionic and cationic
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paraffin emulsions

Different hydrophobic agents

To improve internal

Water resistance in the pore

[111]

(stearic acid, DryCit, hydrophobicity protection factor test increases
rapeseed oil) in cement between 21% to 33%
composites (1-2 wt%)
Waste tire rubber in mortar Hydrophobicity Decrease in water absorption [112]
and increase in corrosion
resistance due to better
hydrophobicity
Amorphous carbon powder Hydrophobicity and Addition of 15% ACP by weight | [113]
(ACP) in cement paste electrical properties reduces water absorption by
23% and electrical conductivity
of cement paste by 65%
Tyre rubber (TR) addition to | Improving Smaller grain size results in [114]
cementitious material hydrophobicity better hydrophobic
(cement paste) characteristics
Addition of crumb rubber Improving Rubberized cement paste shows | [115]
cement paste hydrophobicity to reduced water penetration due to
reduce water improved hydrophobicity of
penetration paste treated with crumb-rubber
Multifunctional cementitious | Piezo-resistivity, and | Addition of SHP (2%) shows [116]

composites containing
graphene nanoplate (GNP)
and silicone hydrophobic
powder (SHP)

hydrophobic

behaviour

better reduction (~15 times) of
water absorption. Along with
isolation effect of GNP, the SHP
powder helps in improving
hydrophobicity in the specimen
surface and other places such as
pores and cracks. This effect
reduces water absorption and
help in achieving stable piezo-

resistivity.
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CHAPTER-3

Experimental Techniques

Introduction

This chapter deals with the discussion the experimental techniques involved in preparing and
characterizing the smart cementitious materials containing TiO2, Fe>Os;, SiO;, Cu
nanoparticle, graphene and its derivatives (GO/RGO), and PVA materials usually at low wt%
(1-5 wt% or less). After the preparation, mechanical strength is measured for initial testing of
compatibility. Compressive and flexural strength are monitored at different days of curing and
cement hydration. Thermal stability is measured when and where necessary. Once the
mechanical strength is achieved with optimum dosage of nanomaterials, the samples are then
tested further for achieving smart properties, such as photocatalytic dye degradation and

antimicrobial activity.

3.1 Sample preparation and mechanical strength measurements

OPC (ordinary portland cement) of grade 43 is taken as the basic binding material. Various
additives, such as, TiO2, Fe;0s3, SiO> and Cu (copper) nanoparticles are used as received
(Sisco Research laboratories, India & Otto Chemie Pvt Ltd, Maharashtra, India) without
further purification or chemical modification. To make smart OPC nanocomposites, oxide
nanoparticles and metal nanoparticles are being mixed with OPC at various weight%. A total
of 12 cubes of cement paste are made with each cube volume of 351.89 cm® (70.6 mm x 70.6
mm x 70.6 mm). Consistency test is carried out for OPC grade 43 which is found to be 32%.
After casting, 24 hours are allowed for natural setting before putting them in to water for
curing. Mechanical properties (compressive strength (CS) and flexural strength (FS)) are
studied after standard curing time of 3 to 28 days at a step of 7 days. Capacity of Compression
Testing Machine (CTM) is 2000kN and rate of loading for compression is 0.6kN/sec. The CS
(fc) is determined using the relation, fc = P/A, where P = maximum or ultimate load, and A =
cross-sectional area of sample cube (= 49.84 cm? in this case). Flexural strength (fi) is
measured on the sample beam (100 mm x 100 mm X 500 mm). FS (flexural strength)
measurement is carried out by placing the specimen beam in middle of the supports (2-point
loading) (Figure-3.1). Modulus of rupture or flexural strength is given by, fs (MPa) =
(PxL)/(BxD?), where, P = load when specimen fails (kN= kilo Newton), D = depth of beam
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specimen (mm), L = minimum distance between the edge and breaking point, B = width of

specimen beam.

O [ gas Compressive load (P)
u
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Figure-3.1 Compressive strength measurements using typical system (layout: left panel),
flexural strength measurements (layout: right panel-top). Typical samples prepared with OPC
(as reference) and OPC-Fe;O3 (as test sample) are shown in the right panel (bottom). Unit

cube dimensions are as mentioned in the figure (right panel: bottom).

3.2 Structural characterization

Microstructural characterization is carried out using x-ray diffractometer (BRUKER:DS8
advanced diffractometer, Germany with Cu Kaq radiation, A (wavelength) = 1.5406 A) in the
26 range of 20 degrees to 80 degrees. Crystallite sizes of oxide and metal nanoparticles are

calculated from the peak diffraction of respective nanoparticle using Scherrer's formula [117].

The X-ray diffraction facility at CIC of UPES is utilized.

3.3 Scanning electron microscopy study
Scanning electron microscopy (SEM) was carried out to analyze surface morphology using
ZEISS SEM. EDAX (Energy dispersive X-ray) was carried out to analyze elemental presence

in the cement nanocomposites.
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3.4 Fourier transform infrared (FTIR) spectroscopy study
FTIR spectroscopy studies of GO/RGO admixed OPC-Fe;O3; cementitious materials are
carried out using Perkin Elmer Spectrum One instrument from 450 to 4400 cm™ at 4 cm’!
resolution. Spectra are recorded in the transmission mode. Usually, >10 scans are employed
for the better signal to noise ratio. KBr (potassium bromide) is added with the sample powder
(small part of cube of each sample specimen is finely ground) for enhancing transparency, and
sample palette (10 mm diameter) of each sample is made. Thickness of palette is made very

thin to retain transparency.

3.5 UV-Vis photocatalytic/dye degradation studies

Photocatalytic study is carried out on OPC, and other cementitious materials containing oxide
(Fe203, TiO2, SiO2) nanomaterials, GO/RGO, polymer (PVA) and other OPC-Fe,0s3;, OPC-
TiO2, OPC-Cu cement composites using UV-Vis spectroscopy (Lambda 35 from Perkin
Elmer). Small part of sample cube cured at 28 days is finely ground using mortar and pastel.
In 80 ml deionised water (DI water) 25 mg of finely ground powder of each composite sample
is dispersed and ultrasonicated for 1 minute. Rhodamine-6G of 25 mg of is added in 100 ml
DI water. Next, 20 ml of Rhodamine solution is added separately to the 80 ml sample
solution. Thus, a total of four separate solution mixtures (100 ml each) are being prepared. All
the solution mixtures are exposed to 100 watts visible light (bulb is kept 10 cm away from the
solution surface) with frequent stirring using glass rod. UV-Vis absorption spectra are
recorded for each solution to record spectral response. Before visible light exposure the
recorded spectra are treated as references. Subsequently, after every 1 hour exposure spectra

are recorded to monitor exposure dependent dye degradation.

3.6 Antimicrobial studies

Antimicrobial activity was detected by using the disk diffusion method against E. coli (MTCC
2126). 100 pl of 24-hour-old E. Coli broth culture was spread over a sterile nutrient agar
plate. The sample disc (pellet size of 1 cm diameter and 1mm thick made of OPC (reference)
and other cementitious materials was sterilized using UV irradiation for 15 minutes and
placed over the agar in sterile environment inside a biosafety cabinet. The plate was incubated

at 37 °C inside a BOD incubator and observed for the zone of inhibition after 24 hours.
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CHAPTER-AH4

Development of cement composites containing metal and oxide
nanoparticles and study of their mechanical and structural
properties

Introduction

Preparation and characterization of cement nanocomposites containing metal and oxide
nanoparticles are reported in this chapter. These nanoparticles are added in minor weight
percentage (wWt%) to ordinary portland cement (OPC). It has been found that minor quantity of
various metal oxides such as Fe;Os, TiO, SiO», metal nanoparticles such as Cu added to OPC
changes its mechanical strength, more specifically, improves by ~10-30%. Minor addition of
these oxide nanoparticles also improves various smart properties including dye degradation,
antimicrobial affect etc retaining their basic mechanical strength intact. In the present studies
we have prepared OPC based smart cement composite paste containing Fe2O3, TiO2, SiO; and
Cu nanoparticles in the range of 0.5-5 wt%. Prepared samples are cured at standard curing
time and at each stage mechanical, microstructural properties are investigated systematically.
Highest compressive strength (CS) improvement is seen for OPC-Fe>O3 nanocomposite paste
that shows ~33% improvement in the CS and ~20% in FS. This improvement is caused by the
faster cement hydration and (3 phase (C-S-H gel phase) formation whose presence is
confirmed by X-ray diffraction measurements. Thermal stability measurements show micro

cracks formation when annealed temperature goes beyond 100 °C.

4.1 Sample preparation and experimental measurements

Nanomaterials of Fe>O3, TiOz, SiO2, and Cu nanoparticles are added to OPC at different wt%
as in the Table-4.1. Water consistency test for OPC results in 32%. A total of 12 cubes of each
cement composite (OPC, OPC-Fe>O3; composite, OPC-TiO2 composite, OPC-SiO2 composite,
OPC-Cu composite) are made. After casting, 24 hours are allowed for natural setting before
putting them in to water for curing. Mechanical properties (compressive and flexural) are
studied after standard curing time of 3 to 28 days at a step of 7 days. Microstructures are
investigated using x-ray diffractometer in the 20 range of 20 degrees to 80 degrees. In order to

understand thermal effect on mechanical properties of cement composite we have exposed the
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optimized cement composite cubes cured at 28 days to thermal annealing. The reference OPC
cube and OPC-Fe203, OPC-TiO2, OPC-Cu cube samples (3 cubes of each type) exposed to
oven at 100 °C, 200 °C, 300 °C, 400 °C at one go (no cumulative exposure). Time of thermal

annealing is of 30 minutes.

Table-4.1: Oxide and metal nanoparticles based OPC cement nanocomposites at different

wt% of oxides or metal nanoparticles.

OPC-Composite OPC: Fex03 OPC: TiO» OPC: SiO» OPC: Cu
Type (g:8) (g 8) (g 8) (g:8)
0.5 wt% - - 600: 03 600: 03
1wt% 600: 06 600: 06 600: 06 600: 06
2wt% 600: 12 600: 12 600: 12 600: 12
3wt% 600: 18 600: 18 600: 18 600: 18
4wt% 600: 24 600: 24 600: 24 -
Swt% 600: 30 600: 3 600: 30 -

4.2 Results and discussions

Microstructures and mechanical properties of cement composites may get affected by the
doses of added nanoparticles. This addition may also have influential effect on cement
hydration and C-S-H gel phase formation, binding and bridging with active nanoparticles,

pre-filling and reduction of pores. Details of systematic studies are presented below.

4.2.1 Compressive strength of OPC paste containing Fe:03, TiO3, SiO2 and Cu nanoparticles

The compressive strength of the OPC composites containing Fe203, TiO3, and SiO2 and Cu
nanoparticles with different weight percentage (wt%) are shown in the Figure-4.1 (a-d).
Cement composite containing FeoO3 nanoparticles shows increase in compressive strength
with curing time (Figure-4.1 (a)). This trend is observed for all the samples with different
concentration (1% to 5%) of FeoO3 (wt%) with respect to that of the reference OPC [1].
Maximum compressive strength of ~ 33% is measured for the OPC- Fe>O3 composite with
3wt% cured at 28 days. The observed considerable improvement in the CS is expected to be
caused by the reduction of porosity and strong bonding by the B-phase (C-S-H gel phase)
formation. Similarly; we have studied OPC-TiO2, OPC-SiO; and OPC-Cu cement composites.
The OPC-TiO2 composites (1% to 5% wt% TiO2) show enhanced CS compared to pure OPC
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Figure-4.1. CS of composites containing Fe;O3 (top-row left), TiO2 (top-row right), SiO2
(bottom-row left) and Cu nanoparticles (bottom-row right). Standard curing time is
considered to be of 3 to 28 days at a step of 7 days. Different added wt% is as indicated in the

respective legend.

reference (Figure-4.1 (b)), especially after 28 days of curing. However, OPC-TiO2 cement
composites show lesser enhancement compared to that with OPC-Fe2O3; composites. OPC-
SiO2 composites show different trend. Enhanced CS is observed for the samples with 0.5 wt%
and 1 wt% and only at 28 days of curing. For all the other wt% and curing compressive
strength is less than that of OPC reference (Figure-4.1(c)). The CS of the OPC-Cu composites
is shown in the Figure-4.1(d). It shows increase in compressive strength with curing time for
0.5 wt% and 1 wt% OPC-Cu composites only. For all the other concentrations it is lesser than

that of OPC reference (for all curing time). Up to 1wt% Cu can be considered as effective in
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enhancing compressive strength for all curing ages. From the study it is evident that 3wt%
Fe2O3 in OPC-Fey03, 4 wt% TiO2 in OPC-TiOz, 1wt% SiOz in OPC-SiO; and 1 wt% Cu in
OPC-Cu may be considered as optimum dose to achieve highest strength at 28 days. It is also
seen that as compared to OPC reference, no composites containing oxides with optimum dose

of nanoparticle show saturation trend except OPC-Cu.

4.2.2 Flexural strength of OPC cement paste containing Fe:03, TiO3 nanoparticles

Based on the compressive strength data we have prepared samples typically with 3wt% Fe2O3
and 4wt% TiO2 in OPC separately to study flexural strengths at curing time of 3 to 28 days at
a step of 7days, as presented in Figure4.2. Both, OPC-Fe>O3 and OPC-TiO2 composites show

increase in FS with the aging. It is also seen that the enhancement with aging is better in
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Figure-4.2. Flexural strength of cement composite containing Fe>Os (top), TiO> (bottom)
nanoparticles at the curing ages of 3 to 28 days at a step of 7 days. The strength of Fe2O3 in
OPC-Fe20s3 is 3wt% and that of TiO2 in OPC-TiO; is 4wt%.
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OPC-TiO; composite than OPC-Fe>O3; composite in most of the aging time. Flexural strength
is increased by about 10 to 15% with respect to the OPC in both the cases. It is further noted
that OPC-TiO> composite shows a saturation trend, although no such trend is observed for
OPC-Fe;03; composite. Non saturation of flexural strength in the OPC-Fe;O3; composite
suggests possibility of further enhancement at longer aging. Faster increase and subsequent
saturation observed in OPC-TiO; can be attributed to faster cement hydration and better
bonding with TiO,, and the enhanced strength may be caused by the reduction of pores or

filling of pores by nanoparticles and better bridging the gaps by C-S-H hydration.

4.2.3 Microstructural properties of OPC-Fe;03, OPC-TiO; and OPC-Cu nanocomposites

In order to understand the role of microstructures of added nanoparticles to enhance
mechanical and other smart properties we have studied X-ray diffraction (XRD) of cement
composite samples containing nanoparticles before and after the mixing with OPC. X-ray
diffraction spectra of OPC-Fe>O3, OPC-TiO2 and OPC-Cu composites after 28 days of aging
at various concentrations (0.5wt% to Swt%) are shown in the figure below. XRD spectrum of
OPC cube after 28 days of aging is also shown for comparison. For reference, XRD spectra of
pure OPC (powder), Fe,Os3, TiO2 and Cu nanoparticles have also been incorporated and
studied. Typical measurement range is considered to be from 20 degrees to 65 degrees (20
values). X-ray diffraction spectra of OPC-Fe;O3 samples are shown in the Figure 4.3. Various
peaks related to crystal planes are observed at 20 values of 24.15, 33.15, 35.65, 40.85, 49.45,
54.02, 62.42, and 64.02 degrees which correspond to the hexagonal a-Fe>O3 (hematite) with
planes (012), (104), (110), (113), (024) (116), (214) and (300), respectively [117, 118]. In the
same figure we have plotted XRD of pure OPC (cube) after 28 days of aging shows several
distinct peaks denoted by a, B, y that correspond to CaO-H»0O, C-S-H (i.e. CaO-SiO>-H>0)
and C3S (i.e. 3Ca0-Si0»), respectively of OPC constituents [46, 119]. From the figure, it is
also evident that the addition of Fe2Os in to OPC does not change crystalline properties of
OPC constituents appreciably. However, B-phase (C-S-H gel) is relatively more prominent in
samples with 2wt% and 3wt% Fe;>O;. Addition of Fe,Os3 in to OPC beyond 3wt% makes [3-
phase less prominent. This study reveals that up to 3wt% addition of Fe;Os;, C-S-H gel
formation gets accelerated as shown in the figure (bottom row: right). Pure OPC powder XRD
spectrum is shown here to differentiate gel formation ( phase) as occurred in the OPC cube
sample aged at 28 days. This observation is consistent with the observation of enhanced

mechanical strength in OPC-Fe;O3; composites as discussed in the previous section.
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Figure-4.3. X-ray diffraction spectra of cement composites containing Fe2O3 nanoparticles in

OPC at different doses (added wt% of nanoparticles in OPC). Samples cured at 28 days.

Similar x-ray diffraction study on OPC-TiO; samples with various wt% of TiOz in
OPC is carried out. The spectra are shown in the top right panel of the Figure 4.4. Spectrum of
pure TiO> powder shows mixed phases of TiO». Peaks corresponding to various lattice planes
of co-existed anatase and rutile phases are indexed, as shown in the figure. Addition of TiO> at
various wt% in OPC shows the appearance of B-phase (at 28.97 degrees and 27.85 degrees). It
is noted here that the TiO: associated (110)r phase is close to the B-phase, hence, cement
hydration in the presence of TiO> may get affected. With increasing wt% of TiO, the B phase
strength or cement hydration rate is seen to increase resulting in the enhancement of
compressive strength. With highest TiO2 wt%, however, the overall gel phase strength is seen
to be less that may reduce compressive strength as shown in the figure. This is indeed

observed as in Figure 1 (top right) indicating the consistency of the results. Relative strength
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Figure-4.4. X-ray diffraction spectra of cement composites containing TiO> nanoparticles in

OPC at different doses (added wt% of nanoparticles in OPC). Samples cured at 28 days.
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of a-phase at 29.45 degrees and B-phase at 28.67, typically considered for FeoO3 and TiO; at
various wt% in OPC. The a-phase strength is normalized for both Fe2O3; and TiO.. However,
B-phase (at 28.67) is normalized with respect to a-phase. It is seen that while strength of [3-
phase reaches a maximum at certain concentration of additive oxide nanoparticles as shown in
the Figure 4.5. This increase can be considered as the indication of cement hydration and gel
phase formation. This clearly indicates the favourable mechanism of cement hydration where
B-phase plays crucial role. Furthermore, optimum strength of B-phase is indicative of
optimum concentration of additives for achieving highest compressive strength as seen
previously (Figure 4.1). Hence, increase in compressive strength,  phase strength and Fe;O3
wt% are in well correlation.

XRD spectra of OPC-Cu nanocomposites with varying Cu concentration (0.5 to 3
wt%) are shown in the bottom panel of Figure 4.6. Pure Cu metal nanoparticles show
crystalline properties with two strong peaks corresponding to (111) and (200) planes of cubic
phase of Cu. Addition of Cu metal nanoparticles helps a little to the C-S-H gel formation,
confirming 3 phase weakly observed at higher wt% of Cu, as evident in the 0.5wt% OPC-Cu
composite. However, addition of Cu beyond 1wt% shows Cu cubic phase separately, which is
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Figure-4.6. X-ray diffraction spectra of cement composites containing Cu nanoparticles in

OPC at different doses (added wt% of nanoparticles in OPC). Samples cured at 28 days.
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probably the indication of existence of separate Cu nanoparticles domain within the
composite. This is not favourable for forming C-S-H cement hydration and may not help in
enhancing compressive strength. Thus, x-ray diffraction studies corroborate well with the

compressive strength data.

4.2.4 Effect of thermal annealing on mechanical and microstructural properties

4.2.4.1 Mechanical properties

In order to understand thermal effect on CS of cement composite we have exposed the
optimized cement composite cubes cured at 28 days to thermal annealing. The reference OPC
cube and OPC-Fe;03, OPC-TiO2, OPC-Cu cube samples (3 cubes of each type) exposed to
oven at 100 °C, 200 °C, 300 °C, 400 °C at one go (no cumulative exposure). Time of thermal
annealing is of 30 minutes. Figure-4.7 (top panel) shows the compressive strength of all the

samples at different stages of thermal annealing. Figure shows decrease in the CS for all the

T T T T é T T T

= ured at 28 da
T 60 .
% Il OFC (Reference)
— 501 [l oPC-Fe,0.-3%
.
= Il OFC-TiO -4%
()] 2
§ 401 1 EOPC-Cu-1% ]
=
wn
o 30 ]
=
@
@ 201 1
—_
E
= 10 B
(O]

04

room Temp 100°C  200°C 300 °C 400 °C
Heat treatment (30 minutes)

T T
- Cured at 28 days

S 60- ]
é —— OPC (Reference)
= —— OPC-Fe 0 -3%

5 01 OPC-TIO,-4%

[ —— OPC-Cu,-1%

®

©  40- :
=

0 :

1) o8

] : E

5 30 2 1

2]

O 2] & 1

y T T T T

'IOIO ‘I’C 206 0'C SOIO ;’C '40IO I°C

Heat treatment (30 minutes)
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the samples cured at 28 days before annealing.
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temperatures. However, rate of fall is different for different composites. For the case of OPC-
Fe>O3 compressibility fall is rapid than pure OPC. This trend similar for OPC-TiO; and OPC-
Cu composites too. Although fall is rapid but it slows down at higher temperature. Bottom
panel figure shows this trend explicitly. It is noteworthy that at 300 °C and 400 °C some
cracks develop and the cracks are zigzag which are not necessarily through the voids as
shown in the Figure 4.8. The images are captured using a digital camera. Similar surface
cracks are observed at higher temperatures (300 °C and 400 °C) for all other composites (not
shown here). Hair-line cracks at 300 °C become very prominent at 400 °C. Reduction of

mechanical strength is attributed to the formation of cracks.

(a) 100 °C

(b) 200 °C

(¢) 300°C |

(d) 400 °C

Figure-4.8. Digital photographs (not in scale, area ~ 7x7 cm?) of OPC-Fe;O3; cement
composite samples (typical) cured at 28 days and annealed at different temperatures, as

mentioned above. Cracks form at 300 °C (c) and 400 °C (d) as observed clearly.

4.2.4.2 Microstructural properties: X-ray diffraction
Microstructural properties of annealed cement composites are studied using X-ray diffraction.

All the cement composites, OPC-Fe>03;, OPC-TiO2, OPC-Cu, and OPC cured at 28 days are
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considered for the study. At each stage of thermal annealing X-ray spectrum on each sample is
recorded and plotted as in the Figure-4.9 and Figure-4.10. For OPC-Fe>O3 composite sample,
spectra show no significant changes for all the annealing temperatures, although; at elevated
temperature such as 300 °C and 400 °C samples show some improvement in the diffracted
peaks (peaks are indicted by symbols, ‘*’ (gypsum) and ‘#’ (Belite (C2S): 2Ca0 SiO»)). Peak
at lower 26 (as marked with #) peak becomes more prominent, especially for OPC-Fe;O3 and
OPC-TiO». Improvement in the other characteristic peaks is also visible for the other
composites and OPC. From the study it is clear that thermal annealing even at reasonably
higher temperature does not change structural properties significantly. Crystalline quality may
have improved with temperature due to reorganization of the crystallites within the composite
and OPC samples. It is noteworthy that C-S-H peak that appeared due to cement hydration
still exists at high temperature, which is suggestive of slower rate of reduction of
compressibility at higher temperature, and is consistent with the observations as in the Figure-

4.7.
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Figure-4.9. X-ray diffraction spectra of heat treated OPC-Fe;O3; composite and pure OPC.

Anneal temperatures are as indicated in the figure.
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CHAPTER-5

Effect of GO/RGO additives on the cement hydration, mechanical,
microstructural properties of OPC-Fe:03 cement paste

Introduction

This chapter deals with the preparation of cement composites by adding GO (graphene oxide),
RGO (reduced graphene oxide) and Fe>O3 (iron oxide) showing improved mechanical, and
microstructural properties compared to that of OPC paste. Suitable amount of (wt%) GO and
RGO are added to OPC-Fe203 (optimized Fe2O3; in OPC). Improved compressive strength
(CS) is caused by the faster cement hydration and -phase (C-S-H gel-phase) formation which
is confirmed by detailed studies using XRD and FTIR spectroscopies at each stage of curing.
These spectroscopic investigations also confirm the superior characteristics from GO admixed
OPC-Fe;03; compared to that from RGO admixed OPC-Fe>O3.This could be due to the
presence of higher amount of OH, COOH in GO than in RGO.

5.1. Sample preparation and experimental measurements
Graphene oxide and reduced graphene oxides are mixed with OPC-Fe2Os to prepare OPC-
Fe»03-GO and OPC-Fe203-RGO cement composites. OPC-Fe;O3 composite is prepared by
mixing 3wt% Fe;O3 with OPC [82]. GO or RGO is added to OPC-Fe;O3 by 0.1wt%
separately to make OPC-Fe;03-GO and OPC-Fe;O3-RGO final composites. In this
preparation, OPC (grade 43), GO and RGO are used as received with no further purification
or chemical modification. Each sample cube has volume of 352 cm?® (70.6 x 70.6 x 70.6
mm?®). Appropriate amount of water (32%, as revealed from water consistency test) is added
to make final composite cement pastes. Cubes are allowed overnight (24 hours) for natural
setting before placing them in water for curing at different days (3 to 28 days at a step of 7
days).

Compression Testing Machine (CTM) is used for compressive strength measurement
with limiting capacity of 2000kN. The compression loading rate is set to 0.6kN/sec. CS is
defined as the maximum bearable load divided by A (cross-sectional area) of sample cube. X-

ray diffraction is carried out with Cu Kaq radiation (wavelength, A = 1.5406 A) in the 20range
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of 20-80° for all the samples. FTIR spectroscopy studies of OPC-Fe;03-GO and OPC-Fe,O3-

RGO. FTIR spectroscopy has been used to obtain qualitative and quantitative information
about the chemical bonding of molecules. In the present study, Perkin Elmer Spectrum One
instrument is used from 450 to 4400 cm™ at 4 cm™! resolution. FTIR spectra are recorded in
the transmission mode. Usually, >10 scans are employed for the better signal to noise ratio.
KBr (potassium bromide) is added with the sample powder (small part of cube of each sample
specimen is finely ground) for enhancing transparency, and sample palette (10 mm diameter)

of each sample is made. Thickness of palette is made very thin to retain transparency.

5.2. Results & Discussions

As mentioned OPC based cement nanocomposites containing graphene or its derivatives
(GO/RGO) exhibit attractive mechanical, thermal/electrical/piezoelectric, photocatalytic and
antimicrobial activities. Effective dispersion plays key role in enhancing these characteristics.
Effective dispersion can be increased by incorporating nanosized metal oxide nanoparticles or
nanomaterials containing COOH, OH, C-O-C oxygen groups. Graphene oxide and reduced
graphene oxide seem to be effective in this regard. GO/RGO content in cement composites is
expected to show higher mechanical strength with improved microstructural properties due to
the formation of B-phase (C-S-H gel phase) playing vital role in filling the pores and bridging
the gaps existing among larger cement particles. To understand underlying mechanical,
structural and chemical changes leading to improved properties we have investigated in
details compressive strength, X-ray diffraction and FTIR spectroscopy of OPC-Fe>03-GO and
OPC-Fe203-RGO nanocomposite cement pastes. The detailed results are presented

systematically below.

5.2.1 Compressive strength of cement composites: OPC-Fe203-GO and OPC-Fe>03-RGO

Compressive strength of the OPC-Fe»O3 paste containing 0.1wt% GO and RGO at different
aging time is shown in the Figure-5.1 and Figure-5.2. In the Figure-5.1, compressive strength
of reference OPC, OPC-Fe>O3 (3wt%) and OPC-GO (0.1wt%) are also plotted for explicit
understanding of the changes in the compressive strength. With curing time (days) increase in
compressive strength is seen for pure OPC paste. A saturation trend attaining highest CS of ~
45 MPa at 28 days is seen. When Fe>Os nanoparticles (3wt%) is added to OPC, the
compressibility of OPC-Fe;O3; sample increases with curing time with no trend of saturation.
For all the curing time, compressive strength of OPC-Fe;0Os is seen to be higher than that of

pure OPC. Compressive strength of OPC-Fe;0s attains its highest value to ~ 60 MPa at 28
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days of curing. This is about 35% more than the OPC reference value [82]. Similarly, we have
studied OPC-GO cement composite which shows reduction in CS at all the curing time as
compared to the OPC reference, except at 28 days, when CS is seen to be a little higher (~48
MPa). It is noteworthy here that optimum content of GO is obtained separately (different wt%
of GO is added to OPC and compressive strength is measured to achieve highest strength at
28 days) before adding it to OPC-Fe>O3 composite (data not shown here). With the optimum
content of Fe;O3 (3wt%) and GO (0.1wt%) we have prepared OPC-Fe>O3-GO cement
composite and its compressibility is shown in the Figure-5.1. Interestingly, compressive
strength shows higher strength for all the curing time. Unlike OPC-Fe,03; and OPC-GO, this

composite, however, shows slight saturation trend. Saturation and non-saturation trend is
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Figure-5.1. Compressive strength of OPC-Fe>03-GO cement nanocomposite paste at standard
curing time of 3 to 28 days at a step of 7 days. Top panel: bar graph and lower panel: scattered

point plot. Colours identification is as in legend.
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explicitly seen from the right panel of the figure. The presence of functional GO and Fe>Os
accelerates B-phase (C-S-H gel phase) formation that makes stronger bonding between the
neighbouring particles. Formation of B-phase (C-S-H gel phase) and effective filling of pores
lead to the considerable improvement in the compressive strength [15, 120-122]. Higher
compressive strength in the OPC-Fe203-GO is considered to be effective for smart application
due to existence of functional components, GO and Fe>Os. Similar compressive strength
measurements are carried out on the OPC-Fe2O3-RGO cement composite paste as shown in
the Figure-5.2. It shows reduced CS for all the curation time except at 28 days where it is
comparable to that of OPC reference. It is noteworthy that compressive strength of OPC-

Fe203-GO is always higher than that of OPC-Fe2O3-RGO.
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5.2.2 X-ray diffraction of OPC-Fe:03-GO and OPC-Fe;03-RGO cement composites
Microstructures of OPC constituents, Fe2O3, GO, RGO nanoparticles, OPC cube, OPC-Fe;0s-
GO and OPC-Fe;03-RGO cement composites are studied using XRD. Figure-5.3 (top panel)
shows XRD spectra of all the samples (as purchased as well as 28 days cured samples). XRD
spectra of OPC (as purchased) and OPC cube (28 days cured) show multiple peaks denoted
by a (at 29.46°, 32.1°, 34.07°, 47.13°, 50.82°, 54.38°), B (at 28.67°), vy (at 32.62°). These peaks
correspond to CaO-H>O (a-phase), C-S-H (Ca0O-Si02-H>0, B-phase) and C3S (3Ca0-SiO-, y-
phase) of constituents of OPC cube cured at 28 days [82, 117, 118]. XRD spectrum of as
purchased OPC powder shows similar peaks except B-phase. XRD spectrum of Fe2O3 show
peaks at 20 of 24.15, 33.15, 35.65, 40.85, 49.45, 54.02, 62.42, and 64.02 degrees. These
correspond to hexagonal a-Fe>O; (hematite) with planes indexed as (012), (104), (110), (113),
(024) (116), (214) and (300), respectively [82, 117, 118]. It is interesting to note that when
3wt% Fe2Os is added to OPC, no peaks corresponding to pure Fe.Os are observed. This
observation indicates that FeoOs does not change international microstructure of OPC
constituents. Furthermore, no separate peaks corresponding to pure Fe,Os are observed which
indicates no separate phase existing within the OPC paste or minor quantity of Fe»O3 is mixed
homogeneously without affecting microstructures of OPC. XRD spectrum of GO shows (001)
phase at 26 value of 42.3°, although OPC-GO composite (0.1wt% GO in OPC) does not show
this signature. XRD spectrum of OPC-Fe203-GO composite shows the presence of peaks as
observed from hydrated OPC cube. It is also observed that peaks at 26.68° and 29.29° related
to CaO-H20 (a-phase) become more prominent. Phase at 23.15° (3) is attributed to CaCOs3 of
OPC constituent. C-S-H gel phase (3 phase) still present but with reduced strength relative to
that observed in OPC-Fe;0O3; composite, signifying that binding would be less effective in
OPC-Fe»03-GO composite than OPC-Fe,03; composite. This is, in fact, observed that the CS
of OPC-Fe203-GO is less than CS for OPC-Fe»03 composite attributed to the effect of GO
within the OPC-Fe;0s. In order to understand microstructural change at each stage (3, 7, 14,
and 28 days of curing) of cement hydration, we have captured XRD spectrum at each stage
and plotted in the bottom panel of the figure. The spectra show improvement in the 3 phase
(intensity) with curing. Thus, XRD results are in well corroboration with the compressive
strength data.

In similar manner we have systematically studied OPC-Fe,03-RGO cement composite
at various curing time, and corresponding XRD spectra are shown in the Figure-5.4 (top and

bottom panels). The study reveals that the results (top panel XRD spectra) are not different
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Figure-5.3. XRD spectra of cement composites containing Fe2O3 (3wt%) and GO (0.1wt%) at

different stages of cement hydration. Top panel: for comparison, XRD spectrum of OPC

(OPC cube cured at 28 days), OPC powder (as purchased), GO powder (as purchased), Fe>O;

powder (as purchased), OPC-Fe>Oscube cured at 28days and OPC-GO (0.1wt%) cured at 28

days. Bottom panel: OPC-Fe;03-GO composite after curing at different days, as above.
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significantly from that of OPC-Fe;O3-RGO cement composite. However, due to the existence
of (002) plane of RGO at 26.24° the hydrated OPC cement phase (o-phase) at 26.68° and
29.29° gets enhanced. This enhancement is stronger than that appeared in the case of OPC-
Fe»03-GO cement composite. In all these cases (OPC-Fe;03-GO and OPC-Fe>O3-RGO
cement composites) B phase is weakly seen. Curing time dependent studies (bottom panel)

also show weak improvement in the B phase.

5.2.3 FTIR studies of OPC-Fe;03-GO and OPC-Fe>03-RGO cement composites

Vibrational bonding information of OPC-Fe203-GO and OPC-Fe03-RGO cement composites
is obtained by studying FTIR. In order to observe detailed changes during cement hydration
of composite we have investigated systematically step by step. All the spectra are compared
with OPC (28 days cured) reference spectrum. Furthermore, FTIR spectrum of individual
added component (Fe>O3, GO, RGO) is also recorded and compared. FTIR spectra of the
cement composite (OPC-Fe;03-GO) and reference OPC are shown in the Figure-5.5 (top and
bottom panel). In top panel, FTIR spectrum of OPC cube cured at 28 days (reference
spectrum) shows vibrational modes, MO (3641 cm™), M1 (3433 cm™), M2 (2923 cm™), M3
(2850 cm™), M4 (1633 cm™), M5 (1477 em™), M6 (1414 cm™), M7 (1092 cm™"), M8 (998 cm”
1, M9 (863 cm™), M10 (718 cm™) and M11 (522 cm™) corresponding to cement constituents
as assigned in Table-5.1 [11, 123-127]. When we compared these modes with that of as
procured OPC we observe that all these modes are present in the OPC. This signifies that the
modes are due to the constituents of OPC. However, it is noticed that strong M11 mode is
reduced to the insignificant level when OPC is hydrated (i.e. OPC cube cured at 28 days).
Furthermore, the insignificant and submerge M9 mode (as in OPC procured) is now very
prominent and distinct. The appearance of M9 mode is attributed to p-phase (C-S-H gel
phase) formation. The 28 days cured OPC-Fe.O3 composite also shows strong M9 mode along
with all the other characteristic modes. A systematic monitoring is carried out on the OPC-
Fe»03-GO composite at different curing time. All the spectra are shown in the bottom panel of
the figure. At early curing of 3 days, M9 mode is very prominent, and remains intact
significantly till 28 days of curing. The addition of GO during the composite preparation has
influential effect on the vibrational signature of OPC-Fe»03-GO composite. As procured GO
shows no vibrational signature related to M8, M9, M10, and M11. Addition of GO reduces the
strength of M8, and is only weakly observed as a hump. However, presence of GO is seen to

increase M9 strength even more in the OPC-Fe;03-GO than OPC cube and OPC-Fe;O3 cube
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curing at 3, 7, 14, and 28 days.
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(hydrated at 28 days). This is expected because the oxygen containing groups that are present
may help in achieving better cement hydration. The acceleration in early cement hydration
and C-S-H gel formation help in achieving better strength of OPC-Fe»03-GO paste. This is, in
fact, observed as in Figure-5.1 earlier, where increase in compressive strength is seen to be
faster and higher at early curing time.

To understand the effect of less available oxygen containing functional groups, we
have prepared OPC-Fe;03-RGO composite paste where RGO expectedly contains less
oxygen containing groups. FTIR spectra of OPC cube (cured at 28 days), OPC powder (as
procured), OPC-Fe,03 cube (cured at 28 days) are already discussed and re-plotted here for
comparison purpose only (top panel of Figure-5.6). The spectrum of RGO as procured is also
shown for explicit understanding of change in chemical bonding. It is noteworthy that, in
RGO, C=0 absorption band at 1228 cm™ (C-O-C vibrations), and at 1098 cm™ (C-O
vibrations (alkoxy group)) are less prominent than that observed in GO. Furthermore, in
RGO, the COOH vibrational band at ~ 1704 cm™ is absent too. Effect of this has direct
influence on the cement hydration of OPC-Fe203-RGO cement paste. The B-phase (C-S-H gel
phase) is poorly seen at early curing time (3 and 7 days) (bottom panel of Figure-5.5). For
longer duration, C-S-H gel phase strength becomes stronger. These observations are
consistent with the earlier observations on the compressive strength measurements which are

seen to be stronger only at longer hydration time.

Table-5.1: Various vibrational modes of cement constituents in OPC-Fe>O3-GO and OPC-
Fe»03-RGO cement composites

Modes Transmission Band assignment Source of vibration
dip position (cm™)
MO 3641 O-H stretching Portlandite (Ca(OH),)
Ml ~ 3433 (broad band) | O-H stretching (symmetric & | Water molecule
antisymmetric)

M2 2923 C-H Not identified

M3 2850 C-H Not identified

M4 1633 O-H vibration (deformation) | Water molecule

M5 1477 C-O vibration CaCO:s

M6 1414 C-O vibration CaCO:s

M7 1092 SO4> ion Calcium sulphate
(OPC constituent)

M8 998 C-O vibration CaCOs

M9 863 C-S-H gel Ca0.S102.H20

M10 718 C-O vibration CaCOs

MIl11 522 Si-O out of plane vibration | C3S
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Figure-5.6. FTIR spectra of cement composites containing Fe2O3 (3wt%) and RGO (0.1wt%)
at different stages of cement hydration. Top panel: for comparison, FTIR spectrum of pure
OPC (28 days cured OPC cube), OPC-Fe;Os; cube cured at 28days, OPC powder (as
purchased), RGO powder (as purchased). Bottom panel: OPC-Fe;03-RGO cement composite

after curing at 3, 7, 14 and 28 days.
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5.2.4 Scanning electron microscopic (SEM) study and elemental analysis using EDAX
Presence of oxygen containing group is studied using scanning electron microscope (SEM)
and energy dispersive X-ray analysis (EDAX). SEM micrographs are useful in surface,
interface, microstructural imperfection studies, whereas, EDAX shows possible distribution of
additives and their strength. In fact, uniform dispersion plays crucial role in improving

mechanical strength. Due to the superior characteristics of OPC-Fe203-GO samples we have

2 pm EHT =20.00 kV Signal A= SE1 Date: 9 Aug 2023
WD=2221mm Photo No. = 9985 Mag= 10.00 KX

3pm EHT = 20.00 kv Signal A= SET Date: 9 Aug 2023
F— WD = 22,51 mm Photo No. = 9999 Mag= 800KX

Figure-5.7. SEM micrographs for OPC-Fe;03-GO cement nanocomposite (top panel) and

OPC reference (lower panel) samples.



53
conducted SEM and EDAX studies on this sample and the results are compared with that of
pure OPC reference sample. Scanning electron micrographs are shown below in the Figure-
5.7. SEM micrograph of OPC-Fe;03-GO shows better distribution (less voids or pores)
compared to pure OPC. EDAX elemental scans, especially for iron (Fe) and oxygen (O) and
carbon (C) are shown in the Figure-5.8. Estimated concentration (at wt%) is summarized in
Table-5.2. The elemental analysis shows carbon content is higher in OPC-Fe2O3-GO
compared to OPC which is expected. Similarly, Fe content is higher than that observed in
OPC. Thus, SEM and EDAX analysis are corroborated well with the observations from XRD
and FTIR studies confirming uniform dispersion and higher C-S-H gel in OPC-Fe>O3-GO that

result in improved compressive strength.

Table-5.2: Elemental analysis (EDAX) of cement constituents in OPC-Fe2O3-GO cement

nanocomposite (left) and OPC reference sample (right)

‘Element H\Neight % ‘Lﬁtomic % ‘

cK .9 3.6 |

ok 5.1 .9 |

lcak l37.8 1.7 |

Fek 3.7 .5 |
Element Weight % IAtomic %
C K 06 1.2

oK 445 651

cak 387 226

FeK 1.8 0.7
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Figure-5.8. EDAX elemental analysis with energy dispersive spectra for OPC-Fe»03-GO (top

row) and OPC (lower row).
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CHAPTER-6

Development of total composite cement pastes containing Fe:03,
GO and PVA, and study of their mechanical, microstructural
properties

Introduction

Cement composites containing polyvinyl alcohol (PVA), polymer (PMMA) are attractive as
they show improved mechanical strength, and simultaneously capable of preventing from
chemical attack, decrease in capillary water absorption [21, 62]. In the previous chapters we
have seen the effect of GO and RGO on the mechanical, structural and antimicrobial
properties of Fe;O3 admixed OPC cement. Further addition of polymer/epoxy may result in
additional benefit of environmental stability such as chemical attack. In the present chapter
work total composite cement paste containing Fe,Os3, GO and PVA is prepared, and
mechanical and structural properties are investigated. The content of Fe2O3, GO in OPC is
optimized individually in the previous chapters. At first optimization of PVA content in OPC
is carried out. Subsequently total composite with optimized content of Fe2O3, GO and PVA is
prepared by studying compressive strength measurements. Microstructural changes are

studied using XRD spectroscopy.

6.1 Preparation of OPC-PVA composite paste and experimental measurements

OPC-PVA composites are prepared by adding PVA with different wt% (0.05wt% to 1wt%) to
OPC. In the Table-6.1 samples compositions are shown. Standard curing procedure is
followed for aging as mentioned in the previous chapters (after casting, 24 hours are allowed
for natural setting before putting them in to water for curing). Compressive strength

measurements and XRD studies are carried out at each stage of curation.

Table-6.1: Compositions of OPC-PVA cement composites.

OPC-Composite Type | OPC: PVA(g:g)

0.05 wt% 600: 0.3
0.1wt% 600: 0.6
0.5wt% 600: 03

1wt% 600: 06
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6.2 Results and discussions
6.2.1 Compressive strength of OPC paste containing PVA
The compressive strength (along with error bar) of the OPC composites containing PVA with
different weight percentage (wt%) are shown in the Figure-6.1. Cement composite containing
Iwt% and 0.5wt% PVA shows decrease in compressive strength with respect to the

compressive strength of OPC reference (bar graph (a)). This trend is observed for all the
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Figure-6.1. Bar graph of CS (compressive strength) (along with error bar) of cement
composites containing PVA at different wt% and curing time (a). Standard curing time of 3 to
28 days at a step of 7 days, as mentioned above. The line plot (b) is presented explicitly just to

show any saturation trend is present or not.

curation time. The compressive strength, however, remains at higher side for 0.5wt% OPC-
PVA composite than 1wt% composite. Furthermore, when PVA wt% is decreased to 0.1wt%,

the compressive strength is significant increased for all the curation time [21, 62]. This is true
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for 0.05wt% PVA containing OPC too. At highest curing time, the compressive strength is
considerably large compared to that of OPC reference. This could be due to the improved pore
structure or pore refinement within OPC. No saturation trend is seen in the compressive
strength (as seen from the Figure-b). For higher compressive strength, 0.1wt% or less PVA
can be added to OPC.

6.2.2 Microstructural study of OPC paste containing PVA

Microstructural properties of OPC-PVA composite have been studied using XRD. From the
compressibility study, as we have seen the highest compressive strength occurs for the cement
composite with 0.1wt% PVA, we have chosen only this wt% in the composite for all the
remaining studies (XRD, antimicrobial, chemical treatment). X-ray diffraction spectrum at
each curing stage (3 to 28 days at a step of 7 days) is shown in the Figure-6.2. Typical
measurement range is considered to be from 20 degrees to 65 degrees (20 values). At all the

o= Ca0-H 0B =C-SH (Ca0-Si0,H,0) y=C,;S 5= (CaCO,)
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Figure-6.2. XRD spectra of OPC-PVA at different curing time as mentioned. Standard curing

time is as mentioned above (3 to 28 days at a step of 7 days).

stages of curing various peaks related to crystal planes are observed at 26 values of 23.04,

26.60, 28.65, 29.48, 32.10, 32.64, 34.15, 39.40, 41.15, 47.18, 50.75, 54.31, 62.55, and 64.32
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degrees corresponding to various phases of hydrated OPC (28 days) as discussed in the
previous chapter. The phases (a., 3, y, 8) are identified and attributed to the presence of CaO-
H>0 (o), C-S-H (B), C3S (y) and CaCOs (8) phases. Minor presence of PVA does not affect

the microstructural properties.

6.2.3 Compressive strength of total composite cement paste

We are now in a position to prepare total cement composite that contains optimum contents of
Fe»03, GO and PVA which are 3wt%, 0.1wt% and 0.1wt%, respectively. The compressive
strengths (CS) (with respective error bars) of the total cement composite at various curing

stages (days) are shown in the Figure-6.3. CSof OPC-Fe,03-GO-PVA is systematically
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Figure-6.3. Left panel: bar graph of compressive strength (along with error bar) of total
composite cement paste containing 3wt% Fe>O3, 0.1wt% GO and 0.1wt% PVA at standard
curing time of 3 to 28 days, as above. Right panel: the line plot just to show explicitly any

existence of saturation trend.
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compared with the compressive strength of OPC (reference), OPC-Fe203, OPC-Fe203-GO
cement composites at each stage of curing. Total composite shows increase in compressive
strength with curing time. A saturation trend is seen for this composite. Figure in right panel is
presented explicitly to show this trend. This is consistent with the compressive strength of
OPC (reference), OPC-Fe;03, OPC-Fe;03-GO cement composites. At highest curing time, the
compressive strength of total composite remains considerably high compared to that of OPC
(reference) and OPC-Fe203-GO. It is slightly less than that of OPC-Fe;Os3 at higher curing
time (28 days). This study thus clearly indicates the suitability of total composite in civil

infrastructural developments and smart applications.

6.2.4 Microstructural study of total composite cement paste

X-ray diffraction study on the total composite is carried out at each stage of curing to
understand the structural change during cement hydration. X-ray diffraction spectra at each
curing stage are shown in the Figure-6.4. Typical measurement range is considered to be from

20 degreesto 65 degrees (20 values). Atall the stages of curing various peaks related to crystal
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Figure-6.4. XRD spectra of total cement composite OPC-Fe;03-GO-PVA (3wt% Fe20s,

0.1wt% GO and 0.1wt% PVA) at different curing time of cement hydration. Standard curing

time is as indicated above.
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crystal planes are observed at 26 values of 23.04, 26.60, 28.65, 29.48, 32.10, 32.64, 34.15,
39.40, 41.15, 47.18, 50.75, 54.31, 62.55, and 64.32 degrees. These peaks correspond to the
various phases of hydrated OPC (28 days) as discussed in the previous chapter. The phases
(o, B, v, 0) appear due to the presence of CaO-H20 (a), C-S-H (B), C3S (y) and CaCOs (d).

Minor presence of PVA does not affect the microstructural properties.
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CHAPTER-7

Photocatalytic dye degradation, antimicrobial and chemical
stability of cement based smart nanocomposites containing oxides,
GO/RGO and PVA

Introduction

Photocatalytic and antimicrobial activities are important areas of research for producing
cleaner environment and sustainable developments as mentioned previously. We have
developed smart cement nanocomposites that are expected to be highly effective for modern
civil infrastructural applications that are capable of showing smart activities simultaneously.
In the present chapter smart photocatalytic dye degradation, antimicrobial properties and
chemical stability are studied on the developed cement nanocomposites. The types of cement
nanocomposite pastes on which the smart properties are investigated are: OPC containing (a)
Fe»03, TiO2 and Cu nanoparticles, (b) FeoO3 and GO, and (c) Fe2O3, GO and PVA. In all these
cases typical concentrations of additives are considered due to the fact that the optimized
concentration offered improved mechanical strength. Furthermore, our aim is to get effective
smart properties keeping mechanical strength intact. Rhodamine 6G is used for photocatalytic
dye degradation while for antimicrobial activity is detected by using the disk diffusion method
against E. coli (MTCC 2126). To test chemical stability sample bricks are coated with pure
OPC paste and OPC-Fe»03-GO-PVA nanocomposite paste into water solution of diluted
H>SOs3 for different time. Change in surface smoothness is observed after different dipping

time.

7.1 Photocatalytic dye degradation

Photocatalytic study is carried out on OPC, and cement nanocomposites containing Fe;Os,
TiO», Si0; and Cu nanoparticles using UV-Vis absorption spectroscopy. A part of sample cube
of OPC, OPC-Fe>03, OPC-TiO2 and OPC-Cu cured at 28 is finely ground. A water solution of
25 mg finely ground powder in 80 ml is dispersed with 1 minute ultrasonication. A water
solution of 25 mg Rhodamine-6G in 100 ml DI water is prepared. Subsequently, 20 ml
Rhodamine solution from total 100 ml solution is added to the 80 ml sample solution

(containing cement nanocomposite powder). This way, a total of four separate solution
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mixtures (100 ml each) are being prepared. All the solution mixtures are exposed to 100 watt
visible light with stirring using glass rod and UV-Vis absorption spectra are monitored after
every 1 hour.

UV-Vis spectra of Rhodamine 6G dye degradation are shown in the Figure-7.1 for
OPC and OPC-Fe;0s. Figure (top panel) shows characteristic absorption of R6G between
from 400 nm to 600 nm peaking between 475 nm to 550 nm. Before exposure very high
absorption within the entire stated wavelength range is seen. After first 1 hour of exposure
absorption spectra show drastic reduction in absorption. Full width at half maxima is reduced

drastically too. After 2 hours the reduction trend continues, although after two hours the rate
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Figure-7.1. UV-Vis absorbance spectra of Rhodamine dye (R6G) degradation as a function of
visible light exposure duration (hours) for OPC-Fe>O3 (top panel) and pure OPC (lower
panel). , and decay of peak absorbance and its best exponential decay fit (bottom-row). The

exponential fit is carried out on OPC and OPC-Fe>O3 samples typically to show rate of decay.



63

of reduction slows down. The absorption characteristics of pure OPC also show similar
behaviour (lower panel). However, apparently it is seen that reduction rate is higher in the
OPC-Fe203 nanocomposite solution compared to that of pure OPC. After 4 hours of exposure
the reduction becomes almost flat.

Similar dye degradation is observed for OPC-TiO2 and OPC-Cu samples as shown in
the Figure-7.2. For explicit understanding we have plotted peak absorbance (at 521.6 nm)
with exposure duration for all the samples as is shown in the Figure-7. The corresponding
decay fits with exponential decay function, y = yo +aoe™™ (y as absorbance, t as exposure
duration in minutes, yo as starting absorbance value, and ap as weight factor) for OPC and
OPC-Fe203 are shown in the right panel of bottom row figure. Compared to OPC reference all
the samples show faster decay, especially for OPC-Fe>Os. The best fits show decay rates (1)
for OPC and OPC-Fe;O; are 2.87 hr (standard deviation: 0.78 hr) and 1.14 hr (standard

deviation: 0.09 hr), respectively. This observation suggests about 2.5 times faster decay in the
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Figure-7.2. UV-Vis absorbance spectra of Rhodamine dye (R6G) degradation as a function of
visible light exposure duration (hours) for OPC-TiO: (top panel) and OPC-Cu (lower panel).
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oxide nanoparticles containing composites. Increase dye degradation is previously observed
with various oxide nanoparticles in cement by other researchers [84-88]. Added metal oxide
and metal nanoparticles with large surface to volume ratio play additional decay channels for
Rhodamine dye molecules to decay. The enhanced photo-degradation in the presence of oxide
and metal nanoparticles can be considered for effective removal path of organic dye
pollutants. The results signify the potential of developed nanocomposites for civil

infrastructure applications and modern sustainable development of cleaner environment.
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Figure-7.3. Plot of peak of absorption decay with exposure duration (top panel). Highest
decay for OPC-Fe,0s is separately plotted in the lower panel along with the best fitting. To
extract rate of decay and compare the decay rate of OPC is also plotted and fitted with best

fitting. Colour and symbols are as mentioned in the legends.
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7.2. Antimicrobial test

7.2.1 Antimicrobial test on OPC-Fe;03-GO nanocomposite

Antimicrobial activity is carried out against E. coli (MTCC 2126) by the disk diffusion
method as mentioned earlier. Two sample pellets of both the samples (OPC reference and
OPC-Fe;03-GO cement composites) are kept inside the sterile nutrient agar plate containing
E. Coli (spread over) as shown in the Figure-7.4 (a-b). After incubation period gets over, the
inhibition zone area is calculated in terms of diameter of the reference samples as well as
composite ones. The average inhibition length (diameter) of composite sample is found to be
1.8 cm and that for reference (control) sample is 1.5 cm. The composite sample shows ~20%
higher inhibition strength than OPC indicating cement composite (OPC-Fe>03-GO) to be

more antimicrobial than reference OPC.

Figure-7.4. Antimicrobial activity of OPC (a) and OPC-Fe203-GO (b) against E. coli (MTCC
2126). Incubation period: 24 hours at 37 °C.

7.2.2 Antimicrobial test on OPC-Fe;0s3-GO-PVA nanocomposite

Antimicrobial activity is carried out against E. coli (MTCC 2126) by the disk diffusion
method as mentioned earlier. Two sample pellets of both the samples (OPC reference and
OPC-Fe203-GO-PVA cement composites) are kept inside the sterile nutrient agar plate
containing E. Coli (spread over) as shown in the Figure-7.5 (a-b). The average inhibition
length (diameter) of composite sample is found to be 1.69 cm and that for reference (control)
sample is 1.45 cm. The composite sample shows ~16% higher inhibition strength than OPC

indicating cement composite (OPC-Fe;03-GO) to be more antimicrobial than reference OPC.



66

Figure-7.5. Antimicrobial activity of (a) OPC and (b) OPC-Fe;03-GO-PVA against E. coli
(MTCC 2126). Incubation period: 24 hours at 37 °C.

7.3. Chemical stability test on OPC-Fe203-GO-PVA nanocomposite

Chemical attack and subsequent change in the bricks’ surface coated with OPC-Fe203-GO-
PVA are studied. The Change in the surface roughness (corrosion or voids/pores formation) is
compared with the bricks’ surface coated with OPC paste. For the purpose we have
considered weak H>SOs acid (0.1M). Firstly OPC-Fe203-GO-PVA cement nanocomposite
paste is coated on to bricks’ (2 sample bricks) surface before and allowed for 24 hours setting.
Subsequently they are put in to water for curing for 28 days. Similarly, OPC paste is also
coated on to the surface of bricks (2 sample bricks) and allowed for setting for 24 hours
before putting in to water for curing for 28 days. Finally sample bricks are dipped in to water
solution of H2SOs3 (water : acid = 10 liters : 20 ml) for 3 days and 7 days. Changes in the
surface roughness (macro)are photographed with a digital camera. Before dipping the surface
photographs are also taken for better comparison. Photographs are shown in the Figure-7.6.
The as prepared (without chemical treatment) bricks’ surfaces coated with OPC and OPC-
Fe203-GO-PVA show smooth surface feature (top row). After dipping in to the chemical
solution for reasonable time (3 days and 7 days), the surfaces do not show much difference
(middle row and bottom row). These observations signify the effectiveness of the total
composite samples for various smart activities including chemical stability. Moreover, the

prepared nanocomposite cement paste has superior compressive strength than OPC paste.
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DPC-Fe0,-GO-PVA

OPC-Fe.0:-GO-FVA

Figure-7.6. OPC and OPC-Fe203-GO-PVA coated bricks surface before and after dipping in
water solution of HoSO3 (water : acid = 20 liters : 100 ml). Before dipping (top row), after
dipping for 3 days (middle row) and after dipping for 7 days (bottom row).
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CHAPTER-8

Conclusions and future scopes

This chapter summarizes the PhD thesis work carried out. Conclusions drawn on each chapter

work is presented separately. At the end future scopes are presented.

8.1 Conclusions

8.1.1 Cement composites containing metal and oxide nanoparticles

OPC nanocomposite pastes containing oxide nanoparticles such as Fe>Os, TiO2, SiOz, and
metal (Cu) nanoparticles at different wt% (usually in the range <5wt%) are prepared. A total
of 12 cubes of each cement nanocomposite are considered for the study. The prepared cubes
of OPC-Fe>03, OPC-TiO;, OPC-SiO2, OPC-Cu and pure OPC are dipped into water for
different curing time. Before dipping, the cubes are allowed for natural setting of 24 hours.
Standard curing procedures are followed. Mechanical strengths (compressive and flexural) are
measured after standard curing time (3 to 28 days at an interval of 7 days). Sample cubes are
sun dried (1-2 hours) before testing. After mechanical strength measurements, a small piece of
broken cube is finely ground for microstructural study using X-ray diffractometer in the 20
range of 20 degrees to 80 degrees. Optimized cement paste is studied further for stability
under thermal agitation. Compressive and flexural strength measurements show increase in
strength with increasing days of curing for all the composite cement pastes. It is also observed
that with increasing dosage of nanoparticles compressive strength increases first and
decreases afterwards. Addition beyond this wt% leads to the reduction of mechanical strength
which may be due to the formation of nanoparticle agglomeration and form separate
nanoparticle phase. Compressive strength reaches to its maximum that depends on the
additive types. For different types of oxide nanoparticles and metal (Cu) nanoparticles
optimum dosage is different. For cement paste containing Fe>Osshows about 3wt% is
optimum showing ~30% higher compressive strength compared to OPC reference. For OPC-
TiO2 cement nanocomposite paste optimum concentration lies nearly in the range of 2-4 wt%.
OPC-SiO2 cement nanocomposite even at lower concentration of SiO2 (< 1wt%) shows higher
compressive strength. OPC-Cu cement nanocomposite also shows maximum compressive
strength for < 1wt% Cu. Although, OPC-Fe;03, OPC-TiO2 and OPC-SiO2 nanocomposites
show reasonable improvement in the compressive strength at optimized composition, OPC-

Cu hardly shows any improvement. Improved compressive strength is due to the faster
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cement hydration and C-S-H gel-phase (B-phase) formation. Microstructural studies show the
presence of B-phase whose strength is maximum at the optimum additive concentration for
each composite. These observations clearly indicate the role of B-phase in the cement
hydration and improvement mechanical strength. The thermal stability is tested on the typical
Fe2O3 admixed OPC paste that showed highest improvement in compressive and flexural
strength. At different temperature when cubes are treated the compressive strength continues
to fall. Beyond 100 °C the compressive strength falls slowly and shows saturation trend. At
300 °C cubes show fine cracks that become prominent at 400 °C. At high temperature, beyond
200 °C, the fall in compressive strength may be caused by the developments of cracks.
Microstructural studies on the thermally annealed samples show no appreciable change in the
structural properties. Furthermore, crystalline quality is seen to be improved due to
reorganization of the crystallites within the composite and OPC samples. The -
phaseexistence is less significant at elevated temperature which is consistent with the
observations that the slow reduction of compressibility at higher temperatures are due to the

cracks and voids, not due to the reduction in gel phase strength.

8.1.2 Cement composites containing Fe:03, GO and RGO
OPC-Fe»03-GO and OPC-Fe;03-RGO cement nanocomposite pastes are prepared by mixing
GO and RGO at low wt% (0.05 to 1 wt%) with OPC-Fe203. We have considered OPC-Fe2O;
(3wt% Fe203) as base material as this composite shows highest compressive strength among
other composites containing TiO2, SiO2 or Cu nanoparticles. InOPC-Fe203-GO sample GO
content is varied from 1 to 0.05 wt% and compressibility test is carried out for different curing
time (3 to 28 days). Increase in compressive strength with curing time is seen for additive
concentration of up to 0.1wt%. Beyond this concentration compressive strength falls once
again. Optimized concentration of GO is found to be ~ 0.1wt%. Similar compressive strength
measurement is carried out on OPC-Fe;03-RGO sample with varying additive concentration.
At each curing stage mechanical (compressive strength) and structural (XRD) studies are
carried out to correlate improvement and the role of B-phase (C-S-H phase). Oxygen
containing groups are monitored by FTIR spectroscopy to know the details of chemical
changes that occur during cement hydration and formation of B-phase (C-S-H gel phase).

The improvement is attributed to faster cement hydration and formation of B-phase (C-
S-H gel phase). XRD and FTIR studies corroborate well with this observation. Both the
spectroscopic studies confirm the presence of B-phase. Interestingly, GO admixed OPC-Fe;O3

composite shows superior characteristics than that of RGO admixed OPC-Fe,Os. This is
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because the presence of more oxygen containing groups such as OH, COOH in GO rather
than RGO playing important role in accelerating cement hydration process. Due to improved
mechanical and microstructural properties, GO admixed OPC-Fe»0s is considered further for
antimicrobial studies to exhibit effective smartness of the composite. Antimicrobial test
results show the colonial growth of E-coli is restricted by ~ 20% more than that of OPC.
Present studies show the significance of GO admixed OPC-Fe»0s for civil construction and

smart infrastructural applications producing cleaner environment.

8.1.3 Cement composites containing Fe203, GO and PVA

OPC-PVA nanocomposites are prepared by adding PVA with different wt% (0.05wt% to
1wt%) to OPC. Samples are cured at standard curing time (3 to 28 days at a step of 7 days).
Compressive strength measurements on these nanocomposites shows optimized concentration
is about 0.1 wt% at which compressive strength is maximum. Structural measurements also
show the presence of B-phase with highest strength for 0.1 wt% PVA when samples are cured
at 28 days. With this optimization, total nanocomposites (OPC-Fe,03-GO-PVA) are prepared
with optimized concentration of 3wt% Fe2O3, 0.1wt% GO and 0.1wt% PVA. Compressive
strength is measured and compared with that of OPC-Fe>O3, OPC-Fe>03-GO and pure OPC.
Measurements show the mechanical (compressive) strength of total composite is slightly less
than that of OPC-Fe>O3 but remains at higher side compared to that of OPC-Fe>03-GO and
pure OPC. The superior characteristic is further supported by the microstructural study which
confirmed the stronger strength of P phase (C-S-H gel phase). It clearly indicates the

suitability of total composite in civil infrastructural developments.

8.1.4 Smart properties of cement nanocomposites containing Fe203, GO and PVA

Photocatalytic and antimicrobial activities are important areas of research for producing
cleaner environment and sustainable developments as mentioned previously. We have
developed smart cement nanocomposites that are expected to be highly effective for modern
civil infrastructural applications that are capable of showing smart activities simultaneously.
In the present chapter smart photocatalytic dye degradation, antimicrobial properties and
chemical stability are studied on the developed cement nanocomposites. The types of cement
nanocomposite pastes on which the smart properties are investigated are: OPC containing (a)
Fe»03, TiO2 and Cu nanoparticles, (b) Fe2O3 and GO, and (c) Fe2O3, GO and PVA. In all these
cases typical concentrations of additives are considered due to the fact that the optimized

concentration offered highest compressive strength. Furthermore, our aim is to get effective



71

smart properties keeping mechanical strength at its best level. Rhodamine 6G is used for
photocatalytic dye degradation while for antimicrobial activity was detected by using the disk
diffusion method against E. coli (MTCC 2126). To test chemical stability sample bricks are
coated with pure OPC paste and OPC-Fe2O3-GO-PVA nanocomposite paste into water
solution of diluted H2SOs for different time. Change in surface smoothness is observed after
different dipping time. For photocatalytic dye degradation Rhodamine 6G is used. All the
cement nanocomposites show faster dye degradation compared to that observed with OPC.
OPC-Fe>03 composite shows highest dye degradation rate which ~ 2.5 times higher than that
observed with OPC. Antimicrobial test with E. coli (MTCC 2126) shows about 18-20% better
restricted colonial growth of E-coli compared to plain OPC. Furthermore, chemical stability
check shows bricks that are coated with OPC-Fe,O3-GO-PVA nanocomposite paste are

comparably stable when treated with acid-water solution.

8.2 Future scopes

Smart cement nanocomposites are important cementitious materials for the developing
modern sustainable developments. Various smart cement nanocomposites can be realized by
adding various functional oxide nanomaterials, nano carbon materials and polymers. These
functional additive nanomaterials play important role in filling pores and binding properties,
bridging gaps between nearing neighbours, and preventing crack developments. As a result,
they show superior mechanical properties as well as smart properties. However, underlying
physical and chemical mechanisms of such improvement and exotic smart properties are
poorly understood. Even the basic understanding of formation of -phase (C-S-H gel phase),
chemical changes and structural phases are not very clear till date. Therefore, focused
research is necessary to understand these mechanism and further developments. Challenges
lie in developing cementitious materials with smart functionalities and optimized parameters
retaining basic mechanical strength intact. In depth research is necessary on the toxicity of
various nanomaterials and safe level of exposure. Finally, various ways of producing

functionalized nanomaterials and their cost-effectiveness must be looked at seriously.
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