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Foreword

The book Nanotechnology for Civil Infrastructure edited by Kamal Khayat and

Weina Meng is very timely and provides comprehensive and well-

documented information on the applications of nanotechnology to

cement-based materials. In the past couple of decades, there has been

increasing interest in incorporating nanomaterials into concrete. The moti-

vation behind these explorations is whether one can significantly enhance

the strength, durability, and sustainability of concrete construction. Con-

crete is one of the most widely used man-made materials. The current world

production of concrete is about 2 tons per living human being. With the

trend toward increasing urbanization in developing countries and with

the need for rehabilitation of infrastructure in developed countries, the

demand for concrete is likely to be acute. However, the manufacture of con-

crete requires heavy use of depleting natural resources and produces a sub-

stantial amount of greenhouse gases, contributing to global warming.

Industry and academia are working very hard to develop new approaches

and innovative materials to make concrete more sustainable. Nanotechnol-

ogy will certainly play a key role in this new development. This book pro-

vides a valuable guide to the challenges and opportunities in applying

nanotechnology to concrete construction.

The book is divided into eight chapters. Each chapter is authored by

individuals who have conducted considerable research on the subject of

the chapter. The nanoparticles that the book addresses include primarily

nanosilica, nanoalumina, nanotitanium dioxide, carbon nanotubes, gra-

phene, and graphene oxides. The key to the successful incorporation of

nanoparticles is their homogeneous dispersion. The issues of dispersion

and potential modification of the surfaces of nanoparticles to aid uniform

dispersion are well detailed in the book.

The book describes how various nanoparticles influence the hydration

reaction, microstructure, mechanical properties, and durability of cementi-

tious composites. The book discusses the physical and chemical mechanisms

that are responsible for the enhanced performance of concrete reinforced

with nanoparticles.

In addition to conventional Portland cement, concrete may contain sup-

plementary cementitious materials (such as fly ash) and alkali-activated slag
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or fly ash. The book devotes a chapter to the application of nanomaterials to

geopolymer systems.

One of the successful applications of nanoparticles is the so-called self-

cleaning cement-based material. These are based on the photocatalytic

property of titanium dioxide. The last chapter of the book details the appli-

cation of these materials.

Professor Kamal Khayat and his group have been extensively involved in

many aspects of nanomaterials and their applications. Their experience and

knowledge make this book a valuable source for researchers as well as

practitioners.

I congratulate the editors, Dr. Kamal Khayat and Dr. Weina Meng, for

compiling and synthesizing a substantial amount of information.

Surendra P. Shaha,b

aPresidential Distinguished Professor, Director, Center for Advanced

Construction Materials, University of Texas at Arlington,

Arlington, TX, United States
bWalter P. Murphy Professor (Emeritus), Northwestern University,

Evanston, IL, United States
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CHAPTER 1

Introduction
Kamal H. Khayata and Weina Mengb
aCenter for Infrastructure Engineering Studies, Department of Civil, Architectural and Environmental
Engineering, Missouri University of Science and Technology, Rolla, MO, United States
bDepartment of Civil, Environmental and Ocean Engineering, Stevens Institute of Technology, Hoboken, NJ,
United States

Cement-based material is the most used construction material worldwide. It

consists of aggregates and sometimes fibers bonded together with amor-

phous form, nanometer to micrometer crystals (i.e., cementitious materials

hydration products). The nanotechnologies and related nanomaterials have

been used in cement-based materials to modify the form and density of the

crystals since the 1980s [1,2]. The term nanomaterials coined in the early

1980s wherein the majority size lies in the range of 1–500nm, with a great

specific surface area, emphasize being given to metallic, nonmetallic,

carbon-based, and mineral nanoparticles [3]. In recent years, with the

extending research of materials science and technology, the costs of the

nanomaterials have decreased, and the availability of nanomaterials has

increased for various levels of applications in civil construction [4]. Examples

of the use of nanomaterials in concrete construction include the Jubilee

Church in Rome constructed in 2003 and the G€artner-platzbr€ucke Bridge
in Germany built in 2007.

The nano-sized particles can result in a dramatic improvement in some of

the key concrete properties and add new features in cement-based materials

compared to conventional grain-sized materials of the same chemical compo-

sition. By filling the pores between large cementitious particles and providing

more nucleation sites of hydrationproducts,whenproperly dispersednanoma-

terials, the structure of hydration gel providing a dense and solid hydration

structure which significantly increase in the workability and strength of

cement-based materials can be achieved [5]. Nanoparticles can greatly refine

the interfacial zones between cementitious systems and aggregates/fibers and

produce greater and higher resistance to cracking of such transition zones.

The use of nanomaterials can manipulate and alter the cement matrix system

by providing a new nanoscale structure. Common discrepancies in concrete

microstructure, such as microvoids, capillary porosity, and deterioration due

1
Nanotechnology for Civil Infrastructure Copyright © 2023 Elsevier Inc.
https://doi.org/10.1016/B978-0-12-817832-4.00005-5 All rights reserved.
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to alkali-silicate reaction, freeze-and-thaw, corrosion, or sulfate attack can be

greatly reduced. In addition, through the combination of the filler effect and

additional bridge effect, new nano-modified carbon-based materials with

greater durability and enhanced tensile/flexural performance can be developed

[5]. Further, the use of nanomaterials can provide useful functional properties

to the cement-based materials, such as self-cleaning [6], self-sensing [7], self-

healing [8], and temperature management [9].

This book explores recent innovations in cement-based materials devel-

oped through nanotechnology. Of special interest is highlighting the advan-

tages that can be associated with the use of nanomaterials that can enhance

performance compared with conventional products and potentially reduce

resources and energy consumption throughout the life cycle of cement-

based materials used in the construction and repair industry.

The first part of the book introduces the nanomaterials that are typically

employed for cement-based materials and their effect on performance and

eco-efficiency in the concrete industry.

Chapter 2 reviews available surface modification methods for inorganic

nanoparticles, namely, nanosilica, nanotitania, and nanoalumina, as well as

carbon nanofilaments, such as carbon nanofibers, carbon nanotubes, and

graphene platelets. Finally, the chapter discusses the suitable modification

techniques of nanoparticles for use in cement-based materials and their

effects on the performance of cement-based materials. Although limited

studies are available in this field, modification of nanomaterials for better dis-

persion is the first step to be considered, which is the key to advance multi-

functionalities in cement-based materials.

Chapter 3 provides an overview of contemporary ongoing research, pos-

tulated future developments, and general zones of innovation in which

nanotechnology may be implemented into cement and concrete materials

to enhance ecologic impacts and maximize long-term sustainability.

Part two of the book discusses basic principles related to the chemical and

physical phenomena of 0-D, 1-D, and 2-D reinforced effects occurring at

the nanoscale, which is responsible for the final performances of cementi-

tious materials. Such principles are key to optimize the properties of

cement-based materials, including rheological properties, mechanical prop-

erties, transport properties, durability, and eco-efficiency.

Chapter 4 discusses the common 0-D nanomaterials employed in cement-

basedmaterials, which include nano-SiO2, nano-CaCO3, nano-Fe2O3, nano-

Fe3O4, nano-TiO2, nano-CuO, and nano-ZiO2. The dispersion and mixing

2 Nanotechnology for civil infrastructure
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procedure,mechanismsunderlyingperformanceenhancement, andhowthose

materials affect the fresh and hardened properties of cement-based materials

are detailed.

Chapter 5 reviews recent research on the design, performance, and

mechanism of cement-based materials with commonly used 1-D nanoma-

terials, including carbon nanotubes and carbon nanofibers.

Chapter 6 comprehensively reviews the research progress on the design,

performance, and mechanism of cement-based materials with 2-D nanoma-

terials, mainly graphene nanosheets and their derivatives.

In part three, the book reviews some special applications of nanomater-

ials on cement-based materials.

Chapter 7 discusses the application of nanomaterials used in geopolymer

systems. The effects of the widely used nanomaterials on the reaction kinet-

ics, chemical characterization of reaction products, pore structure, mechan-

ical properties, as well as durability of geopolymers are comprehensively

reviewed. In this chapter, the term “geopolymer” is used as an interchange-

able term for “alkali-activated materials.”

Chapter 8 introduces the application of nanomaterials on “self-cleaning”

cement-based materials, also called nano-TiO2-engineered photocatalytic

cementitiousmaterials. Firstly, the twomain typesofTiO2-engineeredcemen-

titious materials and self-cleaning mechanisms are introduced. Afterward, the

effects of TiO2 on the cement for each type, including hydration process,

microstructure, strength development, surface hydrophilicity, and bond

strength between coating and cementitious substrates are discussed. Finally,

the application of methylene blue (MB) photodegradation is presented as an

example of the self-cleaning of nanomaterials for concrete structures.

References
[1] O.S. Olafusi, E.R. Sadiku, J. Snyman, J.M. Ndambuki, W.K. Kupolati, Application of

nanotechnology in concrete and supplementary cementitious materials: a review for sus-
tainable construction, SN Appl. Sci. 1 (6) (2019) 1–8.

[2] Z. Zhao, T. Qi, W. Zhou, D. Hui, C. Xiao, J. Qi, Z. Zheng, Z. Zhao, A review on the
properties, reinforcing effects, and commercialization of nanomaterials for cement-based
materials, Nanotechnol. Rev. 9 (1) (2020) 303–322.

[3] P. Balaguru, C. Ken,Nanotechnology and concrete: research opportunities, in: Proceed-
ings of the ACI Session on Nanotechnology of Concrete. Recent Developments and
Future Perspectives, 2006, pp. 15–28.

[4] J. Silvestre, N. Silvestre, J. De Brito, Review on concrete nanotechnology, Eur.
J. Environ. Civ. Eng. 20 (4) (2015) 455–485.
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CHAPTER 2

Modification of nanomaterials
for nanostructured cement-based
materials
Nima Farzadniaa and Kamal H. Khayatb
aDepartment of Civil, Geological, and Environmental Engineering, University of Alaska Fairbanks, Fairbanks,
AK, United States
bCenter for Infrastructure Engineering Studies, Department of Civil, Architectural and Environmental
Engineering, Missouri University of Science and Technology, Rolla, MO, United States

2.1 Introduction

Nanomaterials are materials with at least one dimension on the nanoscale

(100nm or less) that can occur either naturally [1] or synthetically [2].

The term nanomaterial was first coined by an American scientist, Richard

Feynman, at the American Physics Society in 1959 [3]. He established

the conceptual foundations of nanotechnology by saying, “there is plenty

of room at the bottom.” Today, the production of engineered nanomaterials

with unique physical and chemical properties is rapidly expanding for dif-

ferent applications, such as bioengineering, medicine, the automobile indus-

try, energy, and construction.

There are two approaches for nanomaterial fabrication, namely, top-

down and bottom-up [4]. Both are very important in modern industry.

The top-down approach initiates the fabrication of nanomaterials from

the larger-scale structure of the material and reduces the size of the nano-

scale. Ball milling and application of severe plastic deformation are typical

examples of this method. The main problem of this method is the surface

structure imperfection and possible crystallographic damage caused during

the process, which lead to the slow and expensive production of nanopar-

ticles. The bottom-up approach refers to the buildup of nanomaterials from

the bottom, starting with an atom, molecule, or building cluster. This

method is less expensive compared to the top-bottom process.

In general, nanomaterials received significant attention because of their

unique properties. Nanomaterials have a much greater surface area-to-

volume ratio than their bulk crystal, leading to greater chemical reactivity.

In recent years, an increasing trend to use nanotechnology in different fields

5
Nanotechnology for Civil Infrastructure Copyright © 2023 Elsevier Inc.
https://doi.org/10.1016/B978-0-12-817832-4.00008-0 All rights reserved.
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has encouraged research to apply physical and chemical modification of

nanoparticles to maximize their unique benefits in various applications. This

chapter reviews available surface modification methods for inorganic nano-

particles, namely, nanosilica (NS), nanotitania (NT), and nanoalumina

(NA), as well as carbon nanofilaments, such as carbon nanofibers (CNFs),

carbon nanotubes, and graphene platelets. Finally, the chapter discusses

the most recent modification techniques of nanoparticles for cement-based

materials and their effects on their performance. Although limited studies are

available in this field, modification of nanomaterials can lead to their

advanced functionality in cement-based materials.

2.2 Nanomaterials in cement-based materials; Benefits
and challenges

Nanomaterials are used in cement-based materials to improve their engi-

neering properties and functional performance. They can also contribute

to the sustainability of cement-based materials by enhancing the durability

and reducing the amount of required cement to cast cement-based materials.

At the fresh state, nanomaterials improve the stability of the mixtures by

enhancing the segregation/bleeding resistance [5]. This is achieved by

increasing the mixture’s viscosity at the fresh state due to the high surface

energy of the nanoparticles [6]. During the hydration process, nanoparticles

can act as nuclei for the hydrated products and help better distribute the

calcium-silicate-hydrate (CdSdH) gel in the matrix. This phenomenon

can lead to a more homogeneous cement matrix [7]. Besides, nanomaterials

can accelerate the dissolution of C3S and C2S through their high surface

energy and accelerate CdSdH gel formation [8]. Nanoparticles with high

pozzolanic performance, such as NS, can react with calcium hydroxide and

form additional (secondary) CdSdH gel, which reduces calcium leaching

and improves the microstructure of the cement matrix.

Furthermore, the nanofilling effect of particles densifies the structure of

the cement matrix at the hardened stage by filling the interlayer pores

between CdSdH and contributing to the concrete strength [9]. They

can also improve the bond between aggregates and bulk cement paste by

enhancing the structure of the contact zone due to their high surface energy

[10]. Nanoparticles, especially with a high aspect ratio, may have interlock-

ing effects between failure planes, which improves the toughness and

strength of cementitious composites [8]. However, the dispersion can be

of significant concern in the incorporation of nanomaterials in cement-based

6 Nanotechnology for civil infrastructure
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materials. Literature has reported a threshold for using nanomaterials that

limits the application of these functional materials. Many dispersing tech-

niques have been proposed to reduce the negative impact of the agglomer-

ation of nanomaterials in the matrix. They include physical dispersion

methods (e.g., high-speed shear and ultrasonic dispersion), chemical disper-

sion methods for surface modification (e.g., covalent/noncovalent bond

modification), and the combination of physical and chemical processes

[11]. The following paragraphs introduce the main inorganic nanomaterials

and carbon nanofilaments, their characteristics, and their properties in

cement-based materials.

2.2.1 Nanosilica
NS is one of the most widely used nanomaterials to enhance cement-based

materials’ mechanical properties and durability through physical and chem-

ical effects. Generally, there are two production methods of NS: wet and

thermal methods [12]. In the wet method, also known as the water route

or sol-gel process, organometallics are used to produce silica nanoparticles

[13]. The silicates are treated with mineral acids, and the hydrated NS par-

ticles are obtained [14]. The thermal method is based on the vaporization of

silica at high temperatures (1500–2000°C). Biological methods [15] and pre-

cipitation from olivine mineral dissolution [16] are considered alternative

synthesis methods for NS production. The NS is used in different applica-

tions, such as drug delivery, tissue engineering, carrier for antimicrobial

applications, and biosensing [17], other than construction applications.

NS is potentially better than silica fume for its higher content of amorphous

silica (>99%) and the smaller particle size (1–50nm) [18], although the price

is still an issue. Hou et al. [19] showed that the role of NS in cement-based

materials is mainly chemical, and its reactivity is related to the particle size

and its production technique. The formation rate of rigid CdSdH with

longer chains increases as silica particles decrease in size [20]. However,

the content of NS in the concrete mixture should be controlled more rig-

orously because of the negative impact of the excessive amount of NS par-

ticles (more than 1%) on concrete properties [21].

2.2.2 Nanotitania
NT is produced using different processes in liquid or solid-state, such as sol-

vothermal [22], hydrothermal [23], sol-gel [24], and mechano-chemical

[25]. Further information on the synthesis and properties of NT can be

7Modification of nanomaterials for nanostructured cement-based materials
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found in [26]. NT is used in applications such as photocatalysis, dye-

sensitized solar cells, gas sensor, nanomedicine, skincare products, wastewa-

ter treatment, and antimicrobial applications [17]. Many researchers have

investigated the effects of NT on mechanical and physical properties and

the durability of cement paste, mortar, and concrete [27]. The findings indi-

cate that the enhancing effects of NT are mainly due to the chemical and

physical properties of the particles. Titania nanoparticles directly affect the

hydration rate and time due to a faster dilution of cement compounds

and better distribution of hydration products through the heterogeneous

nucleation effect, as discussed earlier. Lee and Kurtis [28] found that the

additional nucleation sites for hydration products were provided in the

cement matrix due to the high surface area of NT particles, which acceler-

ated hydration reactions. They observed the quicker formation of hydration

peaks and higher total heat of hydration in both C3S clinker and Portland

cement pastes. The nanofilling effect and the densification of themicrostruc-

ture were also reported by Farzadnia et al. [29]. However, increasing the

percentage of TiO2 nanoparticles by more than 2% reduced the enhancing

effect of NT due to the agglomeration of its nanoparticles [27].

2.2.3 Nanoalumina
NA has shown promising results in improving the mechanical behavior of

cement composites despite its inert crystalline structure. NA is synthesized

through different processes, including flame spray pyrolysis [30], reverse

microemulsion [31], sol-gel [32], precipitation, and freeze-drying [33].

The alumina nanoparticles are used in different applications other than con-

struction, such as wastewater and soil treatment, antimicrobial applications,

ceramic ultrafilters and membranes, gas separation, catalysis and absorption

processes, and drug delivery [17]. In cement-based materials, studies showed

that NA can densify the matrix and reduce the size of pores>1–0.1μm [34].

This is mainly due to the nanofilling effect of NA particles that can act as

ultra-fine aggregate and by filling the pores, which can ultimately affect

the modulus of elasticity. Li et al. [9] showed that adding 7% NA increased

the elastic modulus of mortar by 208% after 28days. Besides, the high reac-

tivity of NA particles can increase the hydration and dissolution of C3S and

C2S phases, resulting in further refinement of the cement matrix [34]. NA

particles can improve the engineering properties of cement-based materials,

such as compressive strength (by 64%) [35], tensile strength (by 67%) [36],

and flexural strength (by 70%) [35]. Farzadnia et al. [37] reported that NA

8 Nanotechnology for civil infrastructure
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increased residual compressive strength of high-strength concrete after expo-

sure to elevated temperatures due to the formation ofMullite at 800°C.Mull-

ite is a stable phase of aluminosilicate formed at elevated temperatures of about

1150–1350°C [38] due to the reaction between Al2O3 and SiO2. However,

incorporating a higher NA dosage (more than 2%) is reported to decrease its

performance due to difficulty in dispersion [27].

2.2.4 Carbon-based nanofilaments
The effects of carbon-based nanofilaments, such as carbon nanofibers

(CNFs), carbon nanotubes (CNTs), and graphene oxide (GO), in cement

matrix are highlighted in various studies due to their enhancing effect on

engineering properties and durability of cement-based materials [39,40].

CNFs and multiwalled carbon nanotubes (MWCNTs) are nested arrays

of graphene. In contrast, single-walled carbon nanotubes (SWCNTs) are

composed of rolled single graphene sheets in the hollow cylindrical form

[41]. GO is a derivative of graphene made of an extra hydroxyl (OH) group

attached to the same hexagonal carbon network. It is a single-layered nano-

material with oxygenated graphene sheets that are linked to OH and

(dOd) on the base plane and to the carboxyl (COOH) and carbonyl

(C]O) groups on the sheet edge [42]. Owing to the hydrophilic nature

of the oxygen-functional groups of the GO, the dispersibility of particles

is less problematic than those of CNF and CNTs [43,44]. The two-

dimensional sheets of GO also offer a higher surface area for nucleation

of the hydration products [45,46]. Furthermore, the rough surface structure

of sheets leads to better interlocking between GO and hydration products.

This improves the bond strength and load transfer efficiency between the

cement matrix and GO [47]. For CNFs and CNTs, their superior perfor-

mance in cement-based materials is originated from their high Young’s

modulus (400GPa and 1 TPa for CNF and CNT, respectively) and tensile

strength (7GPa and 60 GP for CNF and CNT, respectively) [48,49]. CNFs/

CNTs have a very high aspect ratio, so they bridge the microcracks within

the cement matrix and inhibit the propagation of cracks [50]. CNT/CNFs

can bridge cracks and voids to form a reinforcing mechanism and obstruct

cracking in cement matrix due to their high aspect ratio and nanoscale diam-

eter [51]. Despite the superior performance of carbon-based nanofilaments,

there is an increased risk of agglomeration owing to their high specific sur-

face energy (Van der Waals forces) [52]. Hence, their efficiency depends on

their state of dispersion [11].
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2.3 Surface modification: Methods and techniques

2.3.1 Surface modification of inorganic nanoparticles
Surface modification of inorganic nanoparticles has attracted significant

attention because it enhances their efficiency in the nanocomposite. Surface

modification improves the dispersibility of nanoparticles in suspensions by

providing a strong repulsion between nanoparticles. This can lead to

improvements in mechanical properties, rheological and functional proper-

ties of nanocomposites. The following sections briefly discuss some of the

available approaches for surface modification of inorganic nanoparticles in

various applications. In Section 2.4, the specific procedures used by

researchers in cement-based materials will be reviewed.

2.3.1.1 Chemical treatments using silane coupling agents
Chemical treatment of inorganic nanoparticles involves chemical reactions

to improve the dispersibility of nanoparticles in various suspensions. One

good example of chemical treatment is the absorption of silane coupling

agents onto the surface of inorganic nanoparticles. Surface modification

using silane coupling agents was first introduced by Plueddemann et al.

[53]. It was later used to enhance the compatibility between the particle sur-

faces and suspension and enhance composite materials’ properties [54,55].

This method employs the hydrophilic end of silanes such as (octyl) and

(n-propyl) tri-ethoxy silanes that can interact with OH groups on the nano-

particle’s surface. The modified nanoparticles wrapped with silanes show

better dispersion in the suspension. This technique has been reported to

be effective for NS [56], nano-Al2O3 [57], and NT [58]. Further informa-

tion about the different silane coupling agents and the underlying mecha-

nisms is available in [17].

2.3.1.2 Grafting synthetic polymers
Another surface modification method for inorganic nanomaterials is grafting

synthetic polymers onto the surface of nanoparticles. This method can

enhance the chemical functionality and change the surface topology of

the particle surfaces. This method uses polymers (monomers) with a very

low molecular weight that can react with the active sites on the nanoparticle

surface. The interlayers inside the nanoparticle agglomerates can then be

filled partially with grafted macromolecular chains. This can cause a repul-

sive force and separate the nanoparticles. Additionally, grafted polymers

onto the surfaces of the nanoparticles make them hydrophobic, which
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can add to the dispersibility of nanoparticles. This method is the most used

approach in the modification of nanoparticles for use in cement-based mate-

rials. Two approaches are used in this method: (1) grafting “to” and (2) graft-

ing “from.” In the first method, the “grafting to” is done by using

functionalized polymers to react with the surface of nanoparticles. In the sec-

ondmethod, the polymer chains are grown from a self-assembledmonolayer

placed onto the nanoparticle surface as an initiating group [59].

Grafting methods have been successfully applied to modify the surface of

NS [60–62], NA [63], and NT [64,65]. Different polymers such as polysty-

rene and polyacrylamide (PAAM) [66], styrene and methyl methacrylate

(MMA) [67], polyaniline [64,68], or biocompatible polymer [69] were used.

Huang et al. [62] modified the surface of NS with a cationic surfactant, poly

(diallyl dimethyl ammonium chloride) (PDDA), for use in cement-based

materials. The strong negative charges on the surface of NS were used to

graft PDDA. The SidOH groups on NS particles were converted to

SidO� by deprotonation under the alkaline condition to produce nega-

tively charged surfaces (at the pH of 10). Then, they used a positively

charged PDDA to wrap the NS particles. This was found to be an effective

way to reduce the agglomeration of silica nanoparticles and enhance the dis-

persibility in the suspension. However, such surface modification may affect

the reactivity of NS, especially in cement-based materials, as discussed later.

Such techniques can be complicated, especially for industrialized production

that is needed in concrete construction. Wang et al. [63] used a simple

method to modify the surface of NA using a fatty acid as a modifier to enable

this process at room temperature. This method can allow the industrializa-

tion of modified nanoparticles because of its simplicity. In this method, a

measured quantity of modifiers is dissolved and mixed in chloroform at

room temperature with a certain amount of NA. The mixture is later fil-

tered, dried, and ground. Finally, the chloroform is evaporated to leave

the grafted nanoparticles. The authors suggested that this method is appliable

to different modifiers such as stearic acid, hexadecanoic acid, and lauric acid

to surface-modify other nanoparticles with a hydrophilic surface.

2.3.1.3 In situ surface modification
In situ surface modification approaches are carried out during the nanopar-

ticle synthesis phase. The ligand exchange technique is one method to mod-

ify the surface of nanoparticles with organic solvents at high temperatures

[70]. In this process, a ligand layer of a few nanometer-thickness is used

to envelop the nanoparticles. This will prevent the transport of free electrons
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between adjacent nanoparticles and significantly hinder the charge transfer.

The thickness of the ligand layers should be ideal enough to limit/allow the

transfer of electrons while maintaining the dispersibility of the particles.

More suitable ligands can be applied to improve dispersibility. In this

method, nanoparticles are grown in the ligand solution by heating the solu-

tion to a high temperature (typically 150–320°C). This will transform nano-

particles into chemically active atomic or molecular species and condense to

form nanoparticles and capped by ligands [71].

2.3.1.4 Adsorption of polymeric dispersants
Adsorption of polymeric dispersants is one of the most feasible surface mod-

ification methods to improve the dispersibility of nanoparticles in suspen-

sions. This method has been used widely to disperse nanomaterials for use

in cement-based materials. In this method, highly polar organic solvents

such as polycarboxylate (PCE)-based superplasticizers are utilized to disperse

the hydrophilic nanoparticles. They can generate steric repulsive forces and

increase the surface charge, resulting in improved dispersibility of the nano-

particles. Several studies [27,72] have used this method to incorporate car-

bon nanofilaments, NS, NT, and NA into cement-based matrices.

2.3.2 Surface modification of carbon-based nanofilaments
CNFs, carbon nanotubes, and graphene dioxide belong to the family of

carbon-based nanofilaments, as discussed in Section 2.2. The filaments have

good thermal and electrical conductivity and a low linear coefficient of ther-

mal expansion. They can enhance strength, stiffness, and fatigue character-

istics and are well suited for applications with exposure to severe conditions

such as high temperatures or chemical attacks. However, plain carbon fila-

ments may produce composites with a low bond strength due to weak bond-

ing between the filament and matrix as the surfaces are chemically inert [73].

Surface modification has been widely used to overcome existing problems

and make them ideal for smart cementitious composites with self-sensitive

ability. This section also includes modifying micro-sized carbon fibers (CFs)

due to their extensive use in cement-based materials.

2.3.2.1 Surface modification of carbon fibers
The surface modification of CFs can be implemented using chemical reac-

tions for providing reactive functional groups. This method enables the

fibers to generate a good chemical bonding with the matrix. Also, it may

include the methods that improve the adhesion by physical entanglement
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of the fibers in the matrix, such as enhancing the roughness of the surfaces.

Both methods can improve the performance of fibers in the matrix by

increasing the wettability of the fiber surface, removing the weak boundary

layer or contaminants off the surface, physical entanglement of fibers in the

matrix, and creating surface porosity consequent increased interlocking

effect in the matrix. Applying a thin layer of a coupling agent that can chem-

ically bond to fiber and the matrix is another approach in surface modifica-

tion of fibers. The following paragraphs introduce some common

approaches that are used in the surface modification of CFs. Detailed mech-

anisms and performance of surface modification of CFs can be found in

[74–76].
CFs have strong Van der Waals forces that trigger fibers’ agglomeration

and result in improper dispersion. Similar to inorganic nanoparticles, graft-

ing polymers on the CNF surface can improve their dispersibility in the

matrix. Different polymers were used to graft fibers, such as phenoxybenzoic

acid [77] and polyimide chains [78]. In this process, the fibers are functio-

nalized initially and then grafted by polymeric chains. Such treatment can

reduce their conductivity compared to nonmodified fibers because of the

restricted interaction between fibers induced by the surface grafted polymer

chains. Plasma treatment is another method that uses an electronically con-

ducting medium, known as plasma. In this method, nitrogen and oxygen-

containing functional groups are introduced on the surfaces of CFs [79,80]

to modify their chemical and physical structures. Such modification can

increase the fiber-matrix bond strength by producing free radicals, ions,

and meta-stable species. Using plasma will remove the surface contaminants,

increase fiber surface roughness, add wettability, and deposit functional

groups to add to the chemical bonding in some matrices depending on their

chemical structure [81]. The oxidation method is another chemical method

that includes a set of chemical reactions for the surface modification of CFs.

In this method, the carbon filaments are modified by producing acidic func-

tional groups on their surface.

Oxidation is achieved using gases (e.g., air, oxygen, and ozone) or chem-

ical liquids (e.g., nitric acid, hydrochloric acid) [82,83]. The extent of mod-

ification and its effectiveness can vary based on the fiber characteristics,

molecular structure, and concentration of the oxidative medium, time,

and temperature [84,85]. Fig. 2.1 shows the surface-modified CF after

180min of treatment with HNO3 compared to the untreated CF. The

gamma treatment is used widely to surface-modify CFs to improve their

interaction with the composite’s matrix. This is an advanced treatment that
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uses high-energy gamma-irradiation or laser irradiation to roughen the sur-

face of filaments. It can also lead to the addition of chemical groups such as

carbonyls. Such treatment will enhance the performance of the fiber-

reinforced composites by improving the interlocking performance of the

fibers [86,87].

2.3.2.2 Surface modification of carbon nanotubes
The modifications of CNTs can be done with two different approaches:

(1) involvement of CNTs’ structure in a chemical reaction with reagents

and introducing chemical groups on the surface through covalent reactions;

and (2) adsorption of various molecules onto the CNTs’ surfaces using non-

covalent interaction. Such techniques can facilitate the well dispersion of

CNTs into the suspension and improve the interaction of the nanofibers

with the matrix to employ the optimized use of the unique properties of

the CNTs.

In covalent modification methods, polymers are attached to the CNT’s

surfaces using strong covalent chemical bonds. Similar to the modification of

inorganic nanomaterials, two approaches are used to graft polymer chains

onto the surfaces, “grafting to” and “grafting from” [88,89]. The

“grafting to” method involves attaching polymers using the provided func-

tional groups on surfaces of pretreated CNTs [90]. Pretreatment of CNT is

mostly carried out using amidation or esterification reactions with the car-

boxylic acid groups or by derivation of acid chloride groups on CNT’s sur-

face. In this approach, polymer chains modified with amino or OHmoieties

are used to surface-modify CNTs [91]. This method is reliable and straight-

forward; however, it requires the reactive groups to attach polymers and

generates relatively low grafting density. The “grafting from” approach

Fig. 2.1 SEM micrograph of untreated and HNO3 treated CF; (A) untreated (B) 180min
treated CFs [84].
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involves in situ polymerization of monomers or attachment of initiators or

reactive groups onto the CNTs surface. This approach uses high molecular

weight polymers to produce high grafting density. It can utilize the grafting

of polymerization and polycondensation of hyperbranched polymers on the

pretreated CNTs to improve the dispersibility of CNTs [88,89].

Noncovalent CNT surface modification involves the physical adsorption

of branched polymers to the surface of the CNTs. In this method, CNTs are

wrapped with conjugated branched polymers or functionalized branched

polymers (using π–π-stacking interactions). Modification by π–π-stacking
interactions includes functionalizing CNT noncovalently using polycyclic

aromatic hydrocarbons (e.g., naphthalene and pyrene) [92]. Such derivates

can π-stack to CNTs with high binding energies. Physical interactions can

also be used to modify the CNTs by branched polymers or dendrimers. In

this approach, physical bonds (entanglement or Van der Waals interactions)

are used to attach the polymers to the surface of CNTs. The electrostatic

adsorption or hydrogen bonding interactions are also used to surface-modify

CNTs by oxidizing nanotubes with acids [93].

2.3.2.3 Surface modification of graphene oxide
Three approaches are used to surface-modify GO: covalent, noncovalent

methods, and elemental doping. Similar to CNTs, covalent bond modifica-

tion of GO involves surface modification of GO with functional groups

(covalent bonds) to improve their performance. However, for GO platelets,

the oxygen� groups available on their surface provide covalent bonds as

their surface contains OH, COOH, and epoxy groups. The main covalent

modification of GO includes carbon skeleton modification, hydroxy mod-

ification, and COOH modification [94]. In the carbon skeleton modifica-

tion, the C]C bond in the aromatic ring of GO is mainly used to

functionalize the surface [95]. This is a flexible and easy method and is

widely used in biosensors. In the hydroxy modification method, a large

number of reactive OH groups on the graphene sheet layer are employed

to modify the surface. This method involves the hydroxy reaction between

GO and amide or isocyanates to produce esters. It facilitates further functio-

nalization of GO using different groups [96]. The COOH modification of

GO involves the COOH groups at the edge of GO. COOHmodification is

a widely usedmethod to modify GO. The COOHgroup can provide strong

bond strength with the modifier due to its high reactivity [97]. This

approach includes activating the reaction and forming an ester or amide

bond by dehydrating a group containing amino and OH groups.
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For noncovalent functionalization, the surface modification of GO

mainly involves the interaction between graphene and surfactant functional

molecules due to hydrogen bonds and electrostatic forces. This method can

maintain the original structure and properties of GO and yet improve their

dispersibility. The bonds that facilitate the functional modification of the

surface mainly include π–π bond interaction, hydrogen bonding, ionic

bonding, and electrostatic interaction modification. The π–π bond interac-

tions refer to aromatic rings in the GO that contain π-bonds. They can gen-
erate noncovalent interactions between the surface and the modifier. An

excellent example of such surface modification is synergistic interface inter-

actions between GO nanosheets and sulfonated styrene-ethylene/butylene-

styrene generated by π–π interaction and hydrogen bonding [98]. In the

hydrogen bond interaction, the hydrogen bonding interactions are partly

replaced by the interlayer π–π and hydrophobic interactions [99]. In con-

trast, the carboxylate groups on the graphene surface undergo noncovalent

functionalization in the ion interaction methods, using noncovalent ionic

interaction with amine-terminated polymers [100].

The electrostatic interaction approach is another technique used to

surface-modify GO by creating electrostatic repulsion between the same

type of charges on GO’s surfaces to improve their dispersion. In this method,

the functional groups such as OH groups and epoxy bonds of GO are

removed, while the COOH anion remains. The COOH anion provides

well dispersion of GO due to charge repulsion [101]. Other than the

methods mentioned earlier, element doping modification is applied to

surface-modify the GO platelets. This method mainly involves incorporat-

ing different elements into graphene by annealing heat treatment, ion bom-

bardment, and arc discharge. This method can reduce graphene defects,

maintain the intrinsic structure of graphene, and add new functions to

the surface [102]. Using this method can adjust the energy band structure

of graphene. However, controlling the doping process quantitatively is

complicated.

2.3.2.4 Grafting carbon filaments with nanomaterials
Some efforts have been made to graft nanoparticles on the surface of the car-

bon nanofilaments through physical and chemical methods. This section

reviews the surface modification of CFs to increase fibers’ interaction with

the matrix and their bridging effect between failed planes. Cui et al. [103]

developed a novel grafting method for large-scale applications, using (3-

Aminopropyl) tri-ethoxy silane (KH550). In this method, oxidized CF
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and CNTs were mixed in pure ethanol. Then, the dispersants were added to

the solution, stirred, heated in water at 40°C, and sonicated for 30min. This

allowed the dispersant (KH550) to attach onto the surface of oxidized CF

and CNTs. The OH groups on the surface of CF and CNTs would react

with functional groups in KH550 so that the KH550 could be attached

to the surface of oxidized CF and CNTs through chemical bonding [13].

Then, the final products were cooled to room temperature, filtrated and

washed thoroughly with deionized water, and dried in an oven at 60°C
for 24h. Fig. 2.2 shows the surface morphologies of CNTs grafted CF.

As can be seen, the grafted CF has a tough texture that can increase the inter-

action with the matrix, especially in cement-based materials. Previously, CF

with a smooth surface cannot significantly contribute to the enhanced tensile

strength or bending strength [104].

Lu et al. [105] modified the surface of CFs with a thin layer of NS for

cement-based materials. The thin layer of NS grafted on the CF could form

secondary CdSdH gel by reacting with Ca (OH)2 from the cement

matrix. This can improve the engagement of fibers in the matrix through

generated interfacial bonds. The sol-gel method was applied to produce

Fig. 2.2 SEM images of CNT grafted CF (A) nonmodified CF, (B) oxidized CF, (C) CF-CNTs,
(D) enlarged local surface [103].
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NSwith high purity at a low temperature. In this approach, the authors used

nitric acid, KH550 solution (for preprocessing), ethyl orthosilicate (TEOS),

absolute ethyl alcohol (as a solvent), concentrated ammonia (as a catalyst),

and cetyltrimethylammonium bromide (CTAB) as a surfactant. The surface

modification initially included pretreatment of CF. The fibers were

immersed in nitric acid and oxidized for 3h to enhance their surface activity.

Then, the oxidized fiber was maintained in KH550 solution (3%) and

washed for 3h at a constant temperature of 70°C. The final step of the pre-
treatment was washing the mixture with ethyl alcohol. The final product of

the treatment after drying had a higher surface reactivity to host NS particles.

The grafting of NS was carried out using pure ethanol as the solvent with the

presence of the ionic surfactant (CTAB with a mass fraction of 1%). Then,

ammonia was added to provide an alkaline environment. The solution was

sonicated for 30min. Meanwhile, TEOS was added to the mixture and stir-

red at a low rate under constant temperature (45°C) for 12h. Such a process
led to the formation of insoluble NS particles (a milky white liquid) were

formed that were grafted onto the CF surface. Finally, the fibers were

washed with methanol and dried at 70°C. Fig. 2.3 shows the surface topol-
ogy of CNF grafted with NS.

Fig. 2.3 Surface topology of CF at different stages of surface modification [105].
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2.3.3 Nanomodification of cement and supplementary
cementitious materials
In Sections 2.3.1 and 2.3.2, the surface modification of inorganic nanoma-

terials and carbon nanofilaments was discussed. This section focuses on the

surface modification of cement particles and supplementary cementitious

materials (SCMs) using nanomaterials. In such approaches, cement particles,

SCMparticles, or microfibers are used as carriers for nanomaterials. The ulti-

mate purpose of the surface modification of the cement, SCM particles, and

microfibers is to increase the dispersibility of nanoparticles in the cement

matrix and to increase the entanglement/interaction of the fibers.

2.3.3.1 Chemical vapor deposition method
The chemical vapor deposition (CVD) method is used to grow CNF/CNT

on cement and SCM particles. The CVDmethod consists of passing gaseous

hydrocarbon through the silica-based substrate with the presence of a cata-

lyst exposed to elevated temperatures. The gaseous hydrocarbon will be

decomposed on the substrate to produce CNTs/CNFs [106]. This method

is also called the hydrocarbon gas pyrolysis method. The effectiveness of this

method is based on the substrate type, carbon source, temperature, and cat-

alyst type. It can lead to the formation of different carbon filaments (CNT or

CNF) with varying productivity [107].

For the first time, Nasibulin et al. [108] used the CVD method to grow

CNTs/CNFs on the surface of cement particles in the carbon source gas

environment. No catalyst was used as the substrate (sulfate-resistant cement)

as it has an abundant amount of silica, Fe2O3, MgO, and Al2O3. The carbon

source (acetylene) was continuously fed through a container (reactor) where

cement particles were exposed as the substrate at a temperature of

550–750°C. This process led to the production of CNFs with a diameter

of about 30nm and an average length of 3μm on the surface of the cement

particles. Mudimela et al. [109] used the same technique to implant CNTs/

CNFs on the silica fume particles. The results showed that the in situ growth

of the nanofibers (30–50nm) occurred at a lower temperature of 550°C. The
increase in the temperature led to the formation of multiwalled CNTs with

5–10 walls. The outer diameter of multiwalled CNTs varied from 10 to

15nm at 600°C. The temperature increase to 750°C changed the diameter

of nanotubes from 12nm to 20nm with a maximum length of 15μm. The

growth time was another critical factor in the growth rate of CNT/CNF.

The growth time varied from 6 to 30min for the optimum growth
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condition (1% to 5% of the substrate). Fig. 2.4 shows the silica particles

grafted with CNTs.

The in situ growth of CNTs/CNFs on cement and silica fume particles

was also carried out by Ludvig et al. [110] using the same technique. How-

ever, they applied an external catalyst (Fe2O3) using iron ore and industrial

by-products (e.g., red mud). The in situ grown CNTs on the cementitious

substrates had high purity with multiwalls. The amount of CNT produced

using an external catalyst was 10% higher than that of the process without the

catalyst [111]. For silica fume particles, the outcome of the process was both

CNTs and CNFs with a diameter of 30–60nm [110]. Dunens et al. [112]

applied the CVD method for the in situ growth of CNTs/CNFs on fly

ash (FA) particles. They also used “Fe” containing external catalyst to syn-

thesize CNTs and CNFs on the surface of particles. For that, the FA was

impregnated with iron nitrate to intensify the Fe content. The results

showed up to 2.5wt% Fe-loaded FA particles contained 7.65wt% CNTs

and CNFs, and the 5wt% Fe-loaded FA products contained 8.25wt%CNTs

and CNFs.

2.3.3.2 Microwave irradiating conductive polymer method
The microwave irradiating conductive polymer method is another tech-

nique to grow CNT/CNF on cement or SCM particles. Zhang and Liu

[113] used the microwave irradiating conductive polymer method to grow

CNTs/CNFs on FA particles. This method is faster than CVD and does not

need any precautions and extra accessories to protect toxins as no inert gases

are required. In this method, microwaves are used to heat a conductive

polymer (e.g., polypyrrole) that can absorb irradiation and be used as the

heating source to grow carbon nanofilaments. The conductive polymer

Fig. 2.4 SEM images of (A) silica fume, (B) CNT grown on the surface of silica [109].
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in solid-state will be mixed with ferrocene powders (iron catalyst) and cyclo-

pentadienyl (carbon source) and heated at above 1100°C using microwave

[114].Thismethod cangrow theCNT/CNFon the substrate in15–30s [115].

2.3.3.3 Coating SCMs with nanoparticles using a natural binder
For the first time, Farzadnia et al. [116] proposed this approach to coat the

surface of rice husk ash (RHA) with industrially manufactured CNFs using

chitosan. They used RHA particles as vehicles to disperse CNFs in the

cement-based matrix. Chitosan is a natural biopolymer and a chemical

derivative obtained by deacetylation of chitin. Chitin is the second-most

abundant biopolymer in nature next to cellulose. The coating process of

CNFs on RHA included soaking the CNF in an acid solution of

HNO3/H2SO4 (70mL/30mL) for 48h to oxidize the CNF surface. This

optimum ratio of the acidic solution was chosen by determining the func-

tional groups grafted onto the surface of the CNF [117]. To assure well dis-

persion of CNF, the CNFs were submerged and stirred in acetone for 24h

before the mixing process of materials. Then, the pretreated CNF and RHA

were mixed with the presence of sodium dodecyl sulfate (SDS) surfactant to

avoid agglomeration. The mixture of CNF ad RHA was then stirred in a

chitosan binder. The chitosan was of a light structure and low molecular

weight of 50,000–190,000Da to provide bonding between CNFs and

SiO2 from RHA. The modified RHA was dried in an oven at 70°C at a

relative humidity of <5% for at least 24h until all the moisture evaporated.

In this process, a weight ratio of 10% was used for CNF/RHA. Excessive

amounts of CNF showed not to coat the RHA thoroughly and was not

cost-effective due to the high price of CNF. Fig. 2.5 shows the SEM image

of uncoated and coated RHA with CNF.

Fig. 2.5 SEM of (A) uncoated and (B) coated RHA with CNF [116].
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2.3.3.4 Quick precipitation method
This method is used to synthesize nanoparticles within the porous medium,

such as cellulosic fibers. Anggraini et al. [118,119] used this method to plant

nanomaterials within the cellulosic structure of coir fibers. This method was

used to strengthen the fibers and increase the physical and chemical interac-

tions with the cement matrix. In their work, the precipitation method was

used for loading coir fibers on the surface and in the fiber pores with Fe

(OH)3, Al(OH)3, Mg(OH)2, and Ca (OH)2 nanoparticles. The method

included the quick precipitation of nanoparticles within the pores of cellu-

losic fiber by immersing the fibers in oversaturated solutions at the ambient

temperature/pressure. For example, for precipitation of Fe(OH)3, the coir

fibers were soaked in an aqueous solution of 0.5M FeCl3for 24h to fill the

cellular pores with the FeCl3 solution uniformly. Next, the soaked coir fibers

were separated from the FeCl3 aqueous solution and were kept in another

beaker. The fibers were kept in an aqueous solution of sodium hydroxide for

24h. During this treatment, nanoparticles quickly precipitated as nanopar-

ticles on the fiber surfaces and in the cellulosic pores of fibers. The coir fibers

were later washedwith distilled water to eliminate the residue of the reaction

(NaCl and NaOH) from fibers. Then, fibers were dried at ambient room

temperature. Fig. 2.6 shows the cellulosic pores before and after precipita-

tions. Results showed that this approach increased the tensile strength of coir

fibers by 63%. Bordoloi et al. [120] used the same method to impregnate Fe

and Al nanoparticles into other natural fiber structures. The fibers included

water hyacinth, jute, and coir. Their microstructural analysis showed suc-

cessful precipitation of nanoparticles, which led to an increase in the tensile

strength of the natural fibers.

Fig. 2.6 SEM images of (A) unmodified and (B) nanomodified coir fiber microstructure
[118].
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2.4 Modified nanomaterials in cement-based materials

Nanomodification of cement-based materials is mainly applied to enhance

the properties of such composites at the micro- or nano-level. As mentioned

in Section 2.2, incorporating inorganic nanomaterials such as NS, NA, and

NT can enhance the hydration kinetics, densify the microstructure and shift

the pore structure to finer pores. They can collectively improve the engi-

neering properties and durability of cement-based materials. At the same

time, such cementitious composites are brittle and weak at a macroscopic

level under load stresses (e.g., tensile and shear) or those applied by changes

in the temperature and humidity. So, nanoscale fibers such as CNFs [121]

and carbon nanotubes [122] are used to overcome this weakness. However,

inorganic nanomaterials and carbon filaments are easy to agglomerate due to

their high specific surface energy. Therefore, effective surface modifications

are needed to disperse them into cement-based materials to implement their

enhancing effects fully. Recently, it is realized that surface modification of

nanoparticles improves the dispersibility, but it increases the interaction of

the particles with the matrix. Some particles have low interaction with

the cement matrix due to their surfaces’ physical and chemical characteris-

tics. Althoughmany efforts have been carried out to modify nanoparticles, as

stated in Section 2.3, studies on the applications of surface-modified nano-

particles in cement-based materials are limited, and some are reviewed in

Section 2.4.

2.4.1 Performance of cement-based materials with modified
inorganic nanomaterials
Of all surface-modified inorganic nanomaterials, NS has attracted more

attention in cement-based materials due to chemical and physical interac-

tions between its particles and the cementitious matrix. Collodetti et al.

[123] investigated the surface modification of NS by grafting two types of

methoxy-silanes (amine and glycidoxy). The authors investigated the

changes in the hydration kinetics and microstructure of cement paste with

the modified NS. Fig. 2.7 shows the effect of surface modification of NS on

the heat evolution of mixtures. The results showed that the siloxane func-

tional group interfered with the early age reactions of cement pastes and

delayed CdSdH formation in the NS/Ca (OH)2 solution. The results also

showed that the addition of modified NS to the cement pastes increased the

induction period between 15 and 30h. Besides, the modified NS changed

the amount of generated hydration products, namely, CdSdH and
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ettringite. However, the type of modifier had different effects on NS per-

formance in the matrix. A significant effect was observed on pastes with

0.5% amino-based silane-modified NS. However, the modified silica paste

and control samples showed similar accumulated heat at 100h of hydration.

This may represent a possible application of modified NS to limit the quick

render of hydrates at early ages with no significant impact on later ages. The

authors related such performance of modified NS to two possible mecha-

nisms: (1) the surface dOH is partly removed or blocked by the grafted

polymers [123]. Such OH groups are ionic mediums to react with calcium

hydroxide [124]. This behavior of grafted polymers may result in regions on

NS with reduced reactivity, (2) a new functional group (from the siloxanes)

is added to the NS. This functional group may determine the type of func-

tional coverage and the interaction with cement paste. So, using a proper

modifier that can increase the chemical interaction with Ca (OH)2 can be

instrumental in the hydration kinetics.

Huang et al. [62] studied the potential application of surface-modified

NS in high-performance cement paste made with a water-to-binder (w/

b) of 0.35. The authors used PDDA as the modifier. The ultimate purpose

of their study was to investigate the effect of surface modification of NS on

hydration kinetics. (See Fig. 2.1 in Section 2.3.1.2 for the schematics of sur-

face modification of NS and the modification process.) Results showed that

the surface modification of NS with PDDA retarded the hydration and

Fig. 2.7 Heat evolution of mixtures with nonmodified NS and surface-modified NS
[123].
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delayed the exothermic peaks of cement hydration. The addition of higher

PDDA modified NS contents further delayed the formation of the main

hydration peak and lowered the released heat. However, Rong et al. [61]

showed that surface modification of NS using silane coupling agent

(KH550) as the modifying agent was beneficial to NS’s hydration kinetics.

The authors studied the effect of surface-modified NS on the mechanical

properties of high-performance cement-based composites. The results

showed that the modified NS accelerated the hydration of cement. Also,

the pozzolanic filling and nucleation effects of the modified NS led to a

denser microstructure of the matrix and enhanced mechanical properties

of the cement-based composites. Fig. 2.8 shows the compressive and flexural

strengths of samples with modified and nonmodified NS. The optimum

modification parameters represented a coupling agent content of 10%, reac-

tion temperature of 65°C, and reaction time of 8h. Compared with the non-

modified NS, such parameters prevented the condensation of silane alcohol

groups between nanoparticles to reduce their reactivity. The modified NS

also showed better dispersibility in saturated calcium hydroxide solution.

The authors reported that such improvement is due to the coupling agent

grafted on the surface of nanoparticles that caused the steric hindrance

and prevented their agglomeration [61].

2.4.2 Performance of cement-based materials with modified
carbon filaments
Asmentioned in Section 2.3, the surface modification of carbon filament can

be done by applying chemical reactions. Such reactions provide reactive

Fig. 2.8 (A) Compressive strength and (B) flexural strength of HPC at different curing
ages made with nonmodified and modified NS at different dosages [61].
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functional groups on the surface. Also, grafting filaments with nanomaterials

can improve the physical and chemical entanglement of the nanofilaments.

Xu and Chung [125] studied the effect of surface-modified CFs on the

mechanical properties of cement paste. The authors modified CFs using

three different surface treatment methods using oxidation by ozone and

an aqueous solution of potassium dichromate and sulfuric acid to enhance

the oxidation ability and silane grafting. The results showed that the tensile

strength and modulus of samples increased by 26% and 14%, respectively,

and the air void content decreased when the CF was surface modified.

The silane-treated CF worked more efficiently compared to other modifi-

cation techniques. The effectiveness of treatment decreased in the order:

silane-treated fibers, dichromate-treated fibers, and ozone-treated fibers.

The positive effects of silane treatment were attributed to the hydrophilic

nature of silane. Also, the drying shrinkage of cement paste decreased in

the samples with silane-modified CF which can be related to the increased

hydrophilicity of fibers after the treatment and the formation of chemical

bonds between fibers and cement. The shrinkage of samples at 28days

decreased by 32%.

Such hydrophilic character of the silane-modified CF also improved the

bond strength between fibers and cement paste and increased the tensile

strength, modulus and ductility. Li et al. [126] investigated the effect of

surface-modified CNT in the cement matrix. They modified the surface

of CNT using H2SO4 and HNO3 and studied the mechanical properties

and microstructure of the mixtures. The results showed that adding modi-

fied carbon nanotubes to the cement paste enhanced the flexural and com-

pressive strengths by 25% and 19%, respectively. This was related to the

enhancement in the interfacial interactions by a strong covalent force

between surface-modified nanotubes and hydrates, such as CdSdH and

calcium hydroxide, increasing the high bonding strength. Also, the results

showed that the addition of carbon nanotubes shifted the pore structure

to finer pores. They reported that using sulfuric acid and nitric acid to gen-

erate carboxylic acid groups on the surfaces of carbon nanotubes triggered

chemical reactions between the carboxylic acid and the CdSdH or Ca

(OH)2. Fig. 2.9 shows the SEM images of the interfacial transition zone

(ITZ) of surface-modified CF in the cement matrix.

Cui et al. [103] studied the effect of CF grafted with CNT on the

mechanical properties of cement paste. The results showed that the CNF

increased the flexural strengths of cement paste at 3d, 7d, and 28d by

49%, 42%, and 46%, respectively, compared to the control samples. Grafting
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increased flexural strength by 21%, 15%, and 22% compared to samples with

nonmodified CF. They related such enhancement to the improved interfa-

cial bond strength between CF and the cement matrix. They also stated that

the chemical reaction between the surface functional groups and the cement

hydration products increased the flexural strength. Fig. 2.10 shows the

improvement in the flexural strength of samples with modified CF. How-

ever, the grafted CF had an insignificant effect on the compressive strength

of samples.

Lu et al. [105] studied the effect of NS grafted CF on the ITZ properties

of fiber and cement matrix in fiber-reinforced cementitious composites. The

surface modification process is explained in Section 2.3.2.4. The results

show that the NS particles grafted on the surface of CNFs reacted with

the cement hydration product, Ca (OH)2, to form a C-S-H gel. Such a reac-

tion increased the bond strength at the ITZ of the fiber and improved the

mechanical properties of the mixtures. The pullout test results showed that

the bond strength, frictional bond strength, and chemical debonding energy

of modified fiber in cement matrix were approximately 3, 2, and 10 times

higher than the samples with nonmodified CNF.

Some studies also investigated the effect of nanomodification of cement

and SCM particles on the properties of the cementitious matrix. Nasibulin

et al. [127] studied the effect of in situ growth of CNTs/CNFs on cement

particles on the properties of cement mortars. The properties included com-

pressive strength, flexural strength, and electrical resistance. The mechanical

properties showed that the addition CNTs/CNFs modified cement particles

and decreased the early age compressive strength of samples due to the lower

degree of hydration of the modified cement particles. However, the samples

prepared with CNTs/CNFsmodified cement had compressive strength two

folds higher than that of control samples at later ages. The electrical

Fig. 2.9 SEM image of CF cement matrix composites (Arrows: carbon fibers) [126].
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Fig. 2.10 mechanical properties of cement paste reinforced with surface-modified CF with CNT [103].
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conductivity of those samples with modified cement particles showed a

70-time increase. Hlavacek et al. [128] also used CNTs/CNFs modified

cement particles in pastes with the w/b of 0.35 and the CNTs/CNFs paste

ratio up to 0.038% by weight. The results showed 25% increase in compres-

sive strength and 14% increase in fracture energy with the addition of 3.5%

CNTs/CNFs modified cement. The CVD technique was also used in a

study by Ludvig et al. [110]. The results also indicated significant improve-

ment in the mechanical properties of samples made with modified cement

particles. Results showed a 35% increase in the tensile strength, 14% higher

flexural strength, and 88% increase in compressive strength of mortar sam-

ples when 0.3% of CNTs/CNFs modified cement particle was used. Farzad-

nia et al. [116] studied the effect of coated RHA with CNFs on the

mechanical properties of cement paste. The detailed coating process is

described in Section 2.3.3.3. The results indicated that the paste with coated

RHA had a 53% and 187% increase in compressive and flexural strengths,

respectively, at 28days. Also, the inclusion of modified RHA in samples

improved the ductility, increased the modulus of elasticity and toughness,

and shifted the failure mode from strain softening (quasibrittleness) to pseudo

strain hardening. Fig. 2.11 shows the flexural properties of cement paste with

CNF modified and nonmodified RHA.

2.5 Conclusions and future perspectives

This chapter reviewed some modification techniques of nanoparticles and

carbon filament for different applications and emphasized their use in

cement-based materials. Such techniques included chemical approaches,

including oxidation treatment using acids or silane coupling agents, grafting

polymers onto the surface of nanoparticles, and in situ surface modification

during the synthesis of nanoparticles. Also, some physical approaches, such as

applying high-energy gamma-irradiation or employing the interaction

between hydrogen bonds and electrostatic forces between particles and sur-

factant functional molecules, were reviewed. Such physical approaches are

used to increase the entanglement of fibers in the matrix. At the same time,

the surface modification, either chemical or physical, can improve the dis-

persibility of nanoparticles and carbon filaments and lead to their higher effi-

ciency in the composite. This chapter also studied the surface modification

of CFs (microscale) using nanomaterials such as NS and carbon nanotubes.

Some techniques were also discussed to nano-modify cement and cementi-

tious binder particles such as silica fume, FA, and rusk husk ash.
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This chapter also reviewed some surface modification methods used for

inorganic nanoparticles and carbon filaments in cement-based materials, and

their effect on performance was studied. The results showed that modified

nanoparticles can improve the mechanical properties of cementitious com-

posites; however, surface modification can reduce the reactivity of particles.

This is more significant in nanoparticles such as NS, which plays an impor-

tant role in chemical reactivity. In general, surface modification parameters,

such as thickness, electronic charges, duration, and temperature of the mod-

ification process and the modifier (e.g., polymers), should be controlled.

Despite many studies that have been conducted in the area of modification

of nanomaterials for different applications, minimal knowledge is available

on best-suited methods to be used in cement-based materials.
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Cement-based nano-engineered
materials for eco-efficiency
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3.1 Introduction

With ever-growing global demand for infrastructure development and

renewal, world production of portland cement (PC) has nearly tripled in

the last 20years—from 1.6B metric tons in 1999 to an estimated 4.2B in

2019 [1,2]. This trend is the most significant factor affecting the updating

of manufacturing facilities and the overall technological development of

the cement and concrete industry [1–3]. PC manufacturing requires great

energy inputs in the calcining of raw materials through pyro-processing,

and in addition to the fuel combustion cost, this process releases carbon

dioxide at a 1-to-1M rate from its calcium carbonate raw starting material.

In addition to contributing an estimated 5% of annual global CO2 emissions,

cement production also emits a number of other pollutants such as NOx and

SOx [3,4], the greenhouse effects of which are well known and documented.

The mere scale of worldwide production of cement and concrete-adjacent

materials makes this sector a prime focus area for ecological stewardship and

sustainability, while these materials’ resilience and expansive adaptability also

make them uniquely apt candidates for substantial material improvement

through nano-engineering.

It is crucial for the technologies that drive efficiency in cement and con-

crete manufacturing to advance in parity with the industry’s inevitable

expansion under modern global market demands. To allow concrete pro-

duction to continue to expand as it has—unchecked, and not significantly

improved technologically—is to invite market unsustainability and ecolog-

ical impact. There is an urgent need for a paradigm shift; for the development of

new and sustainable cement, technology may minimize the environmental
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damage caused by cement production while offering new products that have

better performance, consume less energy, use fewer raw materials, and emit

fewer harmful emissions [5–20].
Nanoscience has changed the face of countless sectors of industry over

the past 50years. Emergent technologies such as semiconductors and micro-

processing, aviation and aerospace, or polymer consumer products are

examples of areas that have undergone multiple revolutions, sometimes year

after year.

The field of construction and building materials is a less obvious bene-

factor of nanotech-based improvements because such gains are less

consumer-facing, and existing technology is efficient and established

enough that there is less of an imperative for immediate and rapid change

[21–29]. Nanotechnology, nanomaterials, and nano-engineering represent

a ray of light shining through the cloud of unsustainable legacy materials

and manufacturing practices. To be implemented rapidly and effectively,

these oncoming technologies must be understood, embraced, and executed.

This chapter provides an overview of contemporary ongoing research,

postulated future developments, and general zones of innovation in which

nanotechnology may be implemented into cement and concrete materials to

enhance ecologic impacts and maximize long-term sustainability.

3.2 Nanotechnology in cement-based materials

While precise definitions and explanations of various aspects of nanotech-

nology have undoubtedly been covered elsewhere in this book, it is impor-

tant to clarify the jargon and define the appropriate terms for nanomaterials

as they apply to cement and concrete-based systems. In general, nanomater-

ials may be defined as any material substance in which one discrete unit or

dimension exists specifically on the order of magnitude of the nanometer

(1–100nm) [21,29]; the breadth of nanomaterials may be further broken

down into three primary categories:

Nanoparticles: Any discrete unit or particle in which the longest and short-

est dimensional axes are relatively near on a nanometric scale. Nanoparticles

in cements may be further delineated as nanoscale (1–20nm) inorganic par-

ticles surrounded by a distinct interfacial layer that acts as a separation from

one NP to another. Surface modification with organic leaving groups and

polymeric monolayers between mono- or polycrystalline and even amor-

phous inorganics becomes of significant interest in many areas of concrete

nanotechnology [21].
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Nanofibers and nanotubes: Nano-objects in which two of the three dimen-

sions are not significantly different in their nanometric scale, while the scale

of the third dimension is at least three times greater than the other two

[21,22]. Nanotubes are generally characterized by a 2D-monomolecular lat-

tice akin to graphene “wrapped” into a continuous tubular shape. Such

nanotubes may consist of multiple such layers (e.g., “multi-walled nano-

tubes”) and may have “hollow-body” and even capillary properties. In con-

trast, nanofibers tend to be more akin to traditional mono- or polycrystalline

nanoparticles that extend significantly in one direction.

Nanofilms, layering, and surface-science: Single-phase layers with thickness

on the nanoscale, a nanocomposite materials are defined as solid systems

composed of two or more phase-separated components, at least one of

which has nanoscale properties, representing a nanocomposite [22,27,29].

For example, embedding alumina nanofiber into a resin matrix would create

a single-phase nanocomposite, where blending cementitious nanoparticles

and nanotubes in a PC matrix would be considered a dual-phase

nanocomposite.

While nanofibers/tubes and nanofilms represent some burgeoning areas

of exciting development in concrete and materials science, this chapter

focuses mostly on nanoparticles: those currently in use and under develop-

ment, and technologies aimed at incorporating such materials.

3.3 Effects of nanoparticles on the mechanical
performance and durability of concrete

Submicron supplementary cementitious materials such as silica fume (SF)

and metakaolin have been effectively used to improve the long-term

mechanical response and durability of cement-based materials [7,18]. At

the nanoscale, nanoparticles of SiO2 (“nanosilica”) proved to be effective

in cement composites to modify rheological behavior, to enhance the reac-

tivity of supplementary cementitious materials, and to improve strength and

durability [22,25–29] (Fig. 3.1).
Due to pozzolanic properties, like Class F fly ash, nanosilica reacts with

calcium hydroxide, creating more CdSdH, reducing the permeability of

the hydrated cement matrix and increasing the strength and durability of

concrete [30,31]. Belkowitz and Armentrout [32] also proved that aside

from improved strength, the addition of nanosilica tends to increase the elec-

trical resistivity of concrete from 30% to 700% while increasing the critical

size of the nanosilica particle from 5 to 46nm. Such considerable
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Fig. 3.1 The scale ranges related to concrete and nanoparticles [7].
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improvement in electrical resistivity was explained by the formation of a

denser matrix, reducing the permeability of the concrete samples.

The effects of the addition of colloidal silica to the hydration process of

PC minerals C3S (alite, Ca3SiO5) [6] and β-C2S (belite, β-Ca2SiO4) were

investigated by Bj€ornstr€om et al. [33]. Nanoparticles were shown to accel-

erate the formation of CdSdH gel within the first 24h, especially when

used at higher dosages of up to 2%. Studies by Ye et al. then identified

the development of Ca(OH)2 phase in pastes and concrete with SF and

nanosilica additions [34]. Nanosilica increased the viscosity and reduced

the setting time of these pastes. In aggregate-included concrete samples,

the addition of nanosilica reduced the quantity and the size of

Ca(OH)2 phase crystals formed in the interfacial transition zone (ITZ),

and early-age mechanical performance improved over specimens

produced with SF. The addition of nanosilica, even at small dosages

(3%), reduced the amount of CH formed at the aggregate’s interface zone

and reduced the size of CH crystals, thereby improving the ITZ to levels

SF could not achieve.

Studies by Porro et al. investigated the effect of the size of

SiO2 nanoparticles used at different dosages on the performance of PC pastes

[35]. Compressive strength of the pastes increased with reduction of particle

size. This strength improvement was attributed to the formation of larger

silicate chains within the CdSdH gel in mixtures containing

SiO2 nanoparticles.

Collepardi et al. reported that nanoparticles enable the formation of

cohesive concrete microstructure with reduced segregation and bleeding

[31] by producing a self-consolidating mix with low heat of hydration

(HoH), using up to 2% of colloidal silica as a pozzolan and a viscosity-

modifying agent.

Flores-Vivian et al. [28] studied the effects of sol–gel synthesized nano-

silica on the strength of PCmortars. The addition of a superplasticizer and an

effective dispersion procedure were employed to distribute these nanoma-

terials within the cementitious matrix and to enhance the mechanical per-

formance of mortars. It was further demonstrated by Gaitero et al. [36] that

the addition of nanosilica to cementitious systems can improve the strength

by controlling the structure of CdSdH. Nanosilica with particle sizes

between 5 and 50nm was used in the field project as a viscosity-modifying

agent at a dosage of 1% of cementitious materials [26,37].

Nanosilica is by far the most broadly studied, understood, and utilized

nanomaterial in modern cement and concrete technology. Nanosilica can
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be used as a viscosity-modifying agent even in high-density, high-strength

cementitious grout [37]. The grout mixture was designed to match the

properties of parent in-situ rock in respect to compressive strength (more

than 70MPa), density (at least 2600kg/m3), and ultrasonic pulse velocity

(minimum 3.65km/s). The maximum temperature developed within the

hardening grout was set to be less than 82°C. These properties were

required after 30–50days from the grout placement to meet the project

schedule. Besides nanosilica (used at 0.33% of cementitious materials),

the developed grout used 725kg/m3 of Type I/II PC (as per as ASTM

C105), 128kg/m3 of SF (low-carbon byproduct of zirconia production),

1089kg/m3 of hematite sand (with density of 5.02 and water absorption of

0.1%), and 380kg/m3 of silica sand (No. 20, with density 2.62 and water

absorption of 0.2%). In order to keep a relatively low W/C¼0.4 and

achieve high fluidity of the grout, a high-range water-reducing agent

(SP, polycarboxylate type) was incorporated at a dosage of 0.28%. The

defoaming agent was used to eliminate the entrapped air within the mix-

ture and so to improve the density and the ultrasound propagation. The

field-placed grouts had a specific density of 2.6–2.75, ultrasonic pulse

velocity of 4.2–4.6km/s, and unconfined compressive strength of

70–110MPa. These results met and exceeded the requirements set for

the project.

Beneficial effects of nano-Al2O3 (AlF) used in small quantities (0.1 …

0.25%) and combined with 1% of SF and metakaolin (MK) were reported

and considerable strength improvement of cement systems was obtained, as

indicated in Fig. 3.2 [9].

Fig. 3.2 Compressive strength of cement-based composites with nano-Al2O3

(AlF, right) [9].
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Based on the available data, the beneficial action of the nanoparticles on

the microstructure and the performance of cement-based materials can be

explained by the following factors [22,27]:

• Well-dispersed nanoparticles increase the viscosity of the liquid phase,

helping to suspend the cement grains and aggregates and improving the

segregation resistance and workability of the system;

• Nanoparticles fill the voids between cement grains, resulting in the

immobilization of “free” water (“filler” effect);

• Well-dispersed nanoparticles act as centers of crystallization of cement

hydrates, thereby accelerating the hydration;

• Nanoparticles favor the formation of small-sized crystals (such as

Ca(OH)2 and AFm) and small-sized uniform clusters of CdSdH;

• Nanosilica participates in the pozzolanic reactions, resulting in the con-

sumption of Ca(OH)2 and formation of an “additional” CdSdH;

• Nanoparticles improve the structure of the aggregates’ contact zone,

resulting in a better bond between aggregates and cement paste; and

• Crack arrest and interlocking effects between the slip planes provided by

nanoparticles improve the toughness, shear, tensile, and flexural strength

of cement-based materials.

3.4 Sol-gel synthesis of nanosilica

The relatively small quantities, less than 1% (by weight of cement), of nano-

sized materials are sufficient to improve the performance of nanocomposites

[9,22,26–30]; yet, the commercial success of nanomaterials depends on the

ability to manufacture these materials in large quantities, and at a reasonable

cost relative to the overall effect of the nanoproduct. Nanomaterial technol-

ogies, which could lead to the industrial outputs, involve plasma arcing,

flame pyrolysis, chemical vapor deposition, electrodeposition, sol–gel syn-
thesis, mechanical attrition, and the use of natural nanosystems [21]. Among

chemical technologies, sol–gel synthesis is one of the widely used “bottom-

up” productionmethods for nanosizedmaterials such as nanosilica. The pro-

cess involves the formation of a colloidal suspension (sol) and gelation of the

sol to form a network in a continuous liquid phase (gel). Usually, trimethy-

lethoxysilane or tetraethoxysilane is applied as a precursor for synthesizing

nanosilica. There are a number of parameters that affect the process, includ-

ing pH, temperature, the concentration of reagents, H2O/Si molar ratio

(between 7 and 25), and type of catalyst [28]. When precisely executed, this

process is capable of producing perfectly spherical nanoparticles of
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SiO2 within the size range of 1–100nm. The chemical reaction of nanosilica

synthesis can be summarized as

nSi OC2H5ð Þ4 + 2nH2O����!C2H5OH

NH3

nSiO2 + 4nC2H5OH

The details on the “bottom-up” synthesis of nanosilica particles and the

effect of this material on the performance of cement systems were reported

[28]. Nanoparticles of SiO2 (with the size range of 5–100nm) were synthe-

sized using the sol-gel method. Tetraethoxysilane was used as a precursor

and the reaction was realized in a base or acid reaction media with ammonia

as a catalyst (ammonia solution at pH¼9). The specimens of nanosilica were

obtained at different experimental conditions (ethanol-to-TEOS molar

ratios 6 or 24 and water-to-TEOS ratios 6 or 24), as presented in Table 3.1.

According to the results of X-ray diffraction, the obtained nanosilica is a

highly amorphous material with a predominant crystallite size of 1–2.5nm
[28]. Tunneling electron microscopy (TEM) was used to characterize the

morphology and particle size distribution of nanosilica (Table 3.1 and

Fig. 3.3). The obtained nanosilica particles are represented by highly

agglomerated xerogel clusters with a size of 0.5–10μm. The performance

of nanosilica-based mortars (at nanosilica dosage of 0.25% by the weight

of the binder, water-to-cement ratio,W/C of 0.3 and sand-to-cement ratio,

S/C of 1) was compared with the properties of two reference mixtures:

plain mortar (with W/C of 0.3 and sand-to-cement ratio of 1) and

Table 3.1 Design and properties of nanosilica [28].

Specimen
typea

Molar ratio
TEOS/
Ethanol/H2O

Reaction
time, h

Particle size
(TEM), nm

Surface area
(BET), m2/kg

1B3 1/24/6 3 15–65 116,000

2B3 1/6/6 3 30, 60–70 145,000

3B3 1/6/24 3 15–20 133,000

4B3 1/24/24 3 5 163,000

1A3 1/24/6 3 5 510,100

2A3 1/6/6 3 <10 263,500

3A3 1/6/24 3 <10, 17 337,100

4A3 1/24/24 3 5 382,200

aSample coding:

First number denotes molar ratio combination as per as experimental matrix
ABC Last number corresponds to the reaction time in hours

Letter – denotes reaction media: A- for acid and B- for base
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superplasticized mortar (at SP dosage of 0.1%). The best nanosilica products

with particle size ranging from 5 to 20nm are synthesized at the highest

molar concentrations of water (specimens 3B and 4B). The performance

of nanosilica depends on the conditions of synthesis (i.e., molar ratios of

the reagents, type of the reaction media, pH, and the duration of the reac-

tion) [27,28].

According to the results of the experiment, the strength of superplasti-

cized cement mortars with nanosilica was improved. The addition of

0.25% of nanosilica (specimen 4B3, manufactured at TEOS/ethanol/

H2O ratio of 1:24:24 using base medium) to superplasticized mortar pro-

vided the 1-day compressive strength of 63.9MPa, an increase of about

20% versus plain cement mortar. This value also represents a 16% improve-

ment in compressive strength versus superplasticized cement mortar.

However, only a slight improvement in compressive strength, about 4%

(vs. strength of superplasticized mortar), was observed at the 28-day age,

reaching 95.9MPa. The highest compressive strength was achieved by

the superplasticized mortar with 0.25% of nanosilica (specimen 3A3,

Fig. 3.3 Morphology and particle size distribution of nanosilica (TEM) synthesized by
the sol–gel method using various molar ratios of TEOS/ethanol/H2O at pH¼9 [28].
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manufactured at TEOS/ethanol/H2O ratio of 1:6:24 using base medium),

which exhibited compressive strength of 75.1, 80.3, and 96.5MPa at the age

of 3, 7, and 28days, respectively. Application of SF and commercial nano-

silica (CB8) in superplasticizedmortars demonstrated similar behavior; how-

ever, the increase in the 1-day compressive strength was only 8% (vs. the

strength of superplasticized mortar). It can be expected that the application

of wider range of particle sizes and better dispersion of nanosilica can further

improve the performance of engineered nanoparticles [28].

3.5 Tuning nanosilica for optimal performance

Thomas et al. demonstrated that the addition of relatively small amounts of

specially synthesized calcium silicate hydrate (CdSdH) to PC and pure tri-

calcium silicate (C3S) pastes causes a significant acceleration of the early

hydration kinetics (Fig. 3.4) [38]. Here, CdSdH provides nucleation sites

for the precipitation of hydration products out of the pore solution, such as

the CdSdH gel, which is the main binding phase in cement paste. The

experiments indicated that the CdSdH seed causes hydration products

to form within the pore space between the cement or C3S particles, whereas

during common hydration nucleation occurs only on or near the particle

surfaces. The presence of two simultaneous hydration processes in seeded

pastes (one initiated at the particle surfaces and one in the pore space) results

in the development of a second-rate peak or shoulder in the calorimetry data

that increases in proportion to the amount of CdSdH seed that is added.

The addition of CdSdH seed results in permanent changes to the hydrated

matrix, including a denser microstructure with less capillary porosity.

The mechanical attrition or mechanochemical activation of powder par-

ticles is an effective method capable of synthesizing an extensive range of

nanomaterials at an industrial scale [21,39]. With mechanical attrition, the

intermixing of individual components, amorphization, and the formation

of new compounds due to solid-state reactions are realized. The synthesis

process is governed by both the mechanical alloying and the incorporation

of lattice defects into the crystal structure. It was demonstrated that the

mechanochemical activation is also a very effective method to attach the

organic functional groups to the surface of inorganic powders, such as

PC. Activation unit can be used as a low-cost reactor for controlled

transformations in aqueous media, such as required for the synthesis of nano-

materials with improved mechanical performance [30]. The nanosized
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cementitious additives can be produced by ultramilling using mechano-

chemically induced topochemical reactions or by self-assembly from precur-

sors [22,30,40]. The first method can be attractive for large-scale industrial

manufacturing of a nanoseed material with enhanced CdSdH structure.

The feasibility of the top-down synthesis of CdSdH nanoseed clusters

from hydrating cement and fly ash precursors was demonstrated [30,40].

The developed cementitious materials were produced in the form of a slurry

using a nano-activation unit. The composite with nanoseeds demonstrated

superior performance in respect to early and ultimate compressive strength

[30,40]. It was reported that the use of nanosized cementitious additives,

including low-cost activated cement products obtained by the top-down

colloidal milling, can significantly (by 50%) improve the early strength of

cement-based materials, as shown in Fig. 3.5 [30].

Fig. 3.4 Schematic of the hydration process of cement paste with CdSdH seed.
(A) Normal unseeded paste after mixing; the hydration product (CdSdH gel)
nucleates on particle surfaces and (B) begins to grow out into the pore space,
leaving significant capillary porosity; (C) paste with CdSdH seed after mixing;
(D) the hydration product nucleates both on the particle surfaces and within the
regions of CdSdH seed, increasing the rate of early hydration, and low capillary
porosity. (From J.J. Thomas, et al., Influence of nucleation seeding on the hydration
mechanisms of tricalcium silicate and cement, J. Phys. Chem. C 113 (2009) 4327–4334,
Courtesy of the author.)
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3.6 Nanosilica harvested from nature

Despite the attractive performance, the application of nanoparticles in con-

crete remains limited because of the high cost associated with the production

of nanomaterials. The quest for nanomaterials lies in exploring the pathways

for relatively inexpensive bulk production of nanoparticles for concrete.

Low-cost silica nanoparticles can be obtained from natural sources such as

hydrothermal solutions. Steam or hot water erupting from the earth’s surface

due to geothermal activities has been historically used for bathing and pro-

cessing of food. Currently, high-temperature steam and water are used for

power generation and also as a supply of heat. In a geothermal power plant,

hot water rises to the surface, evaporates, and the steam is redirected to spin

turbines in the generation of electrical energy. The steam is condensed into

water in a cooling tower, where minerals (including nanosilica) must be

recovered and potentially utilized for various applications. The minerals

found in geothermal power plant water streams include zinc, silica, lithium,

manganese, boron, lead, silver, antimony, and strontium, as quantified in

Table 3.2. In volcanic areas, orthosilicic acid is formed in hydrothermal solu-

tions due to the dissolution of aluminosilicate minerals of rocks under ele-

vated pressures and temperatures. Concentrated solutions travel to the

surface, where the pressure and temperature are lower, and due to hydrolysis

and polycondensation, spherical silica nanoparticles are formed. In geother-

mal plants, silica particles cause clogging of pipes, and, therefore, nanosilica

extraction increases the efficiency of the plant [29]. Here, the use of

Fig. 3.5 Compressive strength in proposed nanoseed based composites (A6) versus
reference (R6) mixture [30].
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Table 3.2 Composition of hydrothermal solutions [29].

Component Nа+ K+ Li+ Са2+ Мg2+ Fex+ Al3+ Сl2 SO4
22 HCO3

2 CO3
22 H3BO3 SiO2

Concentration,

mg/L

282 48.1 1.5 2.8 4.7 <0.1 <0.1 251.8 220.9 45.2 61.8 91.8 780
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hydrothermal solutions as a relatively cheap natural precursor for nanosilica

production can reduce the costs associated with the production and appli-

cation of nanomaterials.

In the reported research [29], SiO2 particles were harvested through

membrane ultrafiltration and tested in PC mortars. Nanodispersed powders

can be obtained from the solutions by removing the excess water by filtering

through the membrane and by subsequent cryo-chemical vacuum sublima-

tion drying using liquid nitrogen. The lab-grade products (MB, TB, andN2)

were compared with commercially available nanosilica admixture

(Cembinder-8, derived from geothermal solutions) which is often used as

a reference nanosilica. The performance of three types of nanoparticles pro-

duced by ultrafiltration from the geothermal solutions in the form of a gel

(specimen MB) and dry powder specimens (TB and N2) obtained by sub-

sequent sublimation drying using liquid nitrogen were reported (Table 3.3).

The effects of hydrothermal nanosilica on the hydration process were

analyzed by monitoring the HoH with an isothermal calorimeter

(Fig. 3.6). The isothermal calorimetry response was used to determine the

Table 3.3 Characterization of silica nanoparticles.

Material Solid concentration, %
BET surface
area, m2/g

Reference CB8 52 61

Sol MB 35 352

Dry TB 100 43

N2 100 228
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Fig. 3.6 The shift of C3S and C3A peaks due to the addition of nanosilica [29].
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setting times and heat released during the hydration. The first (C3S) and sec-

ond (C3A) peaks for the reference system and mortars with CB8 were

observed at 10.5 and 14h after mixing with the C3A characterized by lower

heat flow. The addition of powder nanosilica products (such as N2 and TB)

had a considerable effect on the HoH. The N2 nanoparticles had a profound

increase in the HoH. Increased rates of C3S hydration can be correlated with

the BET surface area, as a higher surface area can lead to the acceleration of

CdSdH gel formation due to the seed effect. With the addition of

N2 particles, the first peak corresponding to C3S hydration was observed

after 10h followed by the second peak at 14h. For compositions with

N2 nanoparticles, the rate of hydration heat was about 5% higher compared

with the reference and CB8-based mortars, as indicated in Fig. 3.6. For TB

mortars, the first peak (C3S) was observed after 11.3h, and the second peak

(corresponding to C3A) was identified at 15h at the rate of hydration of 5%

lower compared with the reference and CB8-based mortars. With the addi-

tion of nanosilica, the hydration of C3S was accelerated due to a heteroge-

neous nucleation effect. Heterogeneous nucleation is typically the dominant

acceleration mechanism when well-dispersed seed components with a size

smaller than cement particles are incorporated.

The CdSdH is the main product of cement hydration and a primary

binding phase in PC.When superfine particles of higher surface area (such as

nanoparticles) are added, a denser matrix is created due to the formation of

uniform, well-distributed CdSdH gel structure. As a result, the mechan-

ical performance and durability in cement systems with nanosilica are

improved. The increased hydration rates of C3S can be correlated to the

BET surface area where materials with higher surface area accelerate the for-

mation of CdSdH gel. The compressive and splitting tensile strengths of

mortars with nanosilica at different curing ages are reported in Fig. 3.7. At

the age of 28days, the specimens containing nanosilica in gel form (MB) had

the highest compressive strength of 110MPa. There was an increase in the

1-day strength of mortars with gel form (MB) and dry powder form (N2)

nananosilica, which corresponds to about 12% and 19% improvement com-

pared with the reference mortar. The splitting tensile strength of the inves-

tigated mortars followed similar trends and can be correlated to compressive

strength, especially at the age of 3days and afterward. It can be observed that

the use of some nanosilica products obtained from hydrothermal solutions at

a very small dosage of 0.25% (by weight of cementitious materials) can pro-

vide a considerable (up to 18%) strength enhancement of cement-based

materials.
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Based on the results of the reported investigation, it can be concluded

that the use of nanosilica particles obtained from the hydrothermal solutions

can improve the performance of PC systems.

3.7 Natural and plant-based nanomaterials

Natural biomaterials such as woods and plant fibers have been used in con-

struction materials since the dawn of humanity, and byproducts (e.g., cellu-

lose, lignin) from processing or burning of organics are commonly used

materials. Rice is the world’s greatest agricultural product, and as such a tre-

mendous amount of rice husks are used as combustible fuel, the ash of which

happens to have desirable chemical makeup for use as an SCM.

The authors [41] reported on a belite cement production using nanosilica

extracted from a pure rice husk ash calcined in the laboratory (RHA) and ash

from an impure industrial rice husk waste (BRHA). The crystalline size of

the nanosilica extracted from both sources was in the range of 20–50nm and

possessed high surface areas as shown in Table 3.4. The nanosilica extracted

from RHA was highly reactive due to its high pore volume and low acti-

vation energy of dehydration. Extraction of nanosilica from BRHA trans-

formed the crystalline impurities (principally cristobalite) to amorphous

SiO2 with a high surface area, the activation energy of dehydration was rel-

atively high compared with RHA.

Belite cement was prepared from the nanosilicas extracted from pure

rice husk ash by reaction with laboratory-grade Ca(NO3)2 and CaCO3 at

a Ca/Si ratio of 2:1 (Table 3.4). The dry ingredients were fired in air for
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Fig. 3.7 Compressive and splitting strengths of mortars made with nanosilica
particles [29].
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60min at 800, 900, 1000, and 1100°C. Structural analyses using XRD patterns

of the produced belite cement confirmed the formation of indicative mineral

phases in the binder. It was demonstrated that nanosilica extracted from ashwas

sufficiently reactive to form belite cement, since the principal phase (larnite or

b-C2S) was formed at temperatures as low as 800°C, especially with calcium

nitrate as the calcium source. Thus, highly impure BRHA is quite suitable as a

starting material to convert to nanosilica with good reactivity for the low-

temperature production of belite cement, especially in conjunction with cal-

cium nitrate as the calcium source. It is the management of waste generated

from agriculture and adds value to the waste more efficiently [41].

3.8 Nanosilica in self-consolidating concrete

Collepardi et al. studied the performance of low-heat self-consolidating

concrete (SCC) produced with nano-SiO2. Nanosilica (on the order of

5–50nm) was used as viscosity-modifying agent at a dosage of 1% of cemen-

titious materials [26,31]. The difficult task of designing SCC with low-heat

generation properties was achieved by applying blended blast furnace slag

cement (60% BFS/PC) with low HoH to a mineral additive such as ground

limestone, fly ash, or milled fly ash, thus maintaining the relatively high vol-

ume of cement paste, crucial to SCC design. Importantly, the ground fly ash

(with particle size of 1–10μm and specific surface area of 2 m2/g) and nano-

SiO2 were used in a form of slurry. The properties of nine concrete mix-

tures, designed with approximately 305kg/m3 of blended cement, were

investigated. Therefore, the PC component was limited to 120kg/m3.

The content of ground limestone was 157kg/m3 and fly ash/ground fly

Table 3.4 Properties and thermal activation energy of nanosilica [41].

Parameter

Extracted nanosilica

RHA BRHA

Surface area, m2/g 211.3 312.4

Total pore volume, cm3/g 1.114 1.094

Average pore diameter, Å 210.8 140.1

Activation energy, kJ/mol

α¼1% 138.8 256.0

α¼2% 135.3 272.0

α¼3% 135.6 302.3

Average 136.6�1.6 276�19.2
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ash was about 130kg/m3. A constant W/B of 0.58 was used for all mixtures

and slump flow of 780–800mm was maintained by adjusting the dosage of

an acrylic polymer-based superplasticizer. In order to maintain the specified

slump flow, the superplasticizer dosage was increased by approximately

0.21% per each percent of nanosilica used.

It was reported that the addition of nanosilica makes the concrete mix-

ture more cohesive and reduces bleeding and segregation; at the same time,

nano-SiO2 had limited effect on slump loss measured within the first 30min.

The temperature in the nucleus of the investigated concrete, which was

placed into an insulated 500�500�500mm container, reached its maxi-

mum at the age of 3days, and the temperature increase was less than

20°C. This feature of low-heat generation allows the application of devel-

oped concrete in massive structures. While nanosilica does not affect the

compressive strength of concrete with different forms of fly ash, the com-

pressive strength of concrete containing ground limestone was slightly

reduced. The best performance was demonstrated by the concrete with

ground fly ash, 2% nanosilica, and 1.5% of superplasticizer. This concrete

had the highest compressive strength of 55MPa at the age of 28days and

the desired behavior in fresh state: low bleeding, adequate cohesiveness,

higher slump flow, and limited slump loss. It was demonstrated that concrete

with fly ash, especially with ground fly ash, had lower penetration rate of

both CO2 and Cl. However, addition of nano-SiO2 did not affect the pen-

etration rates. Therefore, based on results of this investigation, it was con-

cluded that nanosilica does not affect the durability of concrete [26].

Collepardi et al. [31] reported the performance of quarterly binders

(4-component binders, 4xB) composed of blended cement (with 20%

limestone), fly ash, SF, and nano-SiO2 in high-performance concrete

(HPC) and SCC. The concrete mixtures were designed to match the

performance level of SF concrete using 4xB at a reduced SF content

(i.e., option of SF replacement with nano-SiO2). Therefore, two 4xBmix-

tures with 15–20kg/m3 of SF, 30–40kg/m3 of FA, and 5–7.5kg/m3 of

nano-SiO2 were compared with two reference mixtures containing

60kg/m3 of SF or FA alone (i.e., the total mineral additive content was

kept constant, about 60kg/m3). Two types of concrete, HPC and SCC,

were designed at a binder content of 395 and 425kg/m3, respectively.

SCC mixtures had somehow different aggregate grading (richer in sand)

and had a higher volume of mixing water (186 vs. 175kg/m3) and

increased dosage of polycarboxilate superplasticizer (1.2% vs. 0.7%). All

of the investigated mixtures had the same W/C¼0.44.
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The results of the investigation show that 4xB-based mixtures perform

similar to the “pure” SF-based concrete in terms of strength and durability.

Importantly, 4xB mixtures performed well after accelerated steam curing at

80°C, demonstrating negligible strength loss at the age of 28–90days when
compared with corresponding concrete cured at room temperature.

3.9 Top-down production of “nanoseed” CdSdH
from reactive powders

Development of new inorganic eco-binders is underway, based on ultrafine

milling of extant reactive powders including PC, SCMs, fillers, and indus-

trial byproducts (e.g., fly ash, spray-drier absorber ash, and SF). The high

specific surface area of these mechanochemically activated nanomaterials

may achieve the same beneficial enhancements to cement and concrete sys-

tems as synthesized nanosilica while obtained through sustainable high-

volume sources such as waste streams and existing cementitious material

production methods. Even in small additions, these top-down milled prod-

ucts are expected to similarly improve strength and durability of concrete by

acting as reactive seed sites, influencing the precipitation and growth of

CdSdH. Chemomechanical activation relies on particle size reduction

through ultrafine milling in a sol incorporated with superplasticizer and

may not follow explicitly the classical mechanism of CdSdH nucleation

and growth models. Nanopowder sol suspensions so activated are expected

to be utilized as admixture agents, significantly enhancing cement systems in

small dosages, allowing for increased proportion of sustainable SCM in mix-

ture designs, while also themselves being efficiently sourced.

Nanobinder was proposed as an extension of the two concepts: a den-

sified system with ultrafine particles (DSP) [42,43] and modified multicom-

ponent binder (MMCB) [5,7,10,17,18] down to the nanolevel

(Figs. 3.2–3.10). In these systems, the densification of the binder is achieved

with the help of ultrafine particles: SF dispersed with superplasticizer (SP) in

DSP and finely ground mineral additives and SF modified by SP in MMCB;

these particles are distributed to fill the gaps between cement grains. In these

systems, PC component is used at its “standard” dispersion to provide the

integrity and percolation of hydrating phases of composition. In contrast,

the nanobinder was proposed to be designed with a submicron and nano-

dispersed cement component to fill the gaps between the particles of mineral

additives [21].
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Therefore, in nanobinder, the mineral additives (optionally, finely

ground), acting as the main component, provide the structural stability of

the system, and the micro- or nanosized cementitious component (which

can also contain the nanosized particles other than PC) act as an inorganic

glue to bind less reactive particles of mineral additives together, as shown in

Fig. 3.9. Such a nanosized cementitious component can be obtained by the

colloidal milling of a conventional (or specially sintered, optionally high

C2S) PC clinker (the top-down approach) or by the self-assembly using

mechanochemically induced topochemical reactions (the bottom-up

approach).

Fig. 3.8 Top-down and bottom-up approaches to nanofabrication [21].

58 Nanotechnology for civil infrastructure

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



3.10 Biomimetics and engineering superhydrophobic
surfaces

Biomimetics, also known as biomimicry and bionics, can be defined as “the

abstraction of good design from nature” and came about when engineers and

medical researchers realized that “many of the answers they were seeking

were already available in nature, refined to near-perfection during millions

of years of evolution” [44–46]. The engineering of superhydrophobic and

self-cleaning surfaces found on the leaves of the lotus plant (Nelumbo nucifera)

is an example of how biomimetics can be used for effective engineering

design (Fig. 3.10). The superhydrophobicity of most plant surfaces is

achieved by hierarchical structures of convex or papilla epidermal cells with

three-dimensional wax structures on top [44]. The hierarchical (double

structured) surface is a characteristic of the lotus leaf, which is built up of

Fig. 3.9 Concept of nanobinder (nano-engineered cement) [22].

Fig. 3.10 Concept of superhydrophobic hybridization of concrete pore surface [14].
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convex cells and a much smaller superimposed layer of hydrophobic three-

dimensional wax tubules. Wetting of such surfaces is minimized because air

is trapped in the cavities of the convex cell sculptures and the hierarchical

roughness enlarges the water-air interface while reducing the solid-water

interface.Water on such a surface gains very little energy through adsorption

and forms a spherical droplet (Fig. 3.10, middle-right), and the contact area

and the adhesion to the surface are dramatically reduced [12,14]. A nature-

inspired approach can be used to improve the performance of well-known

hydrophobic materials and, therefore, to control the wettability of solid

materials. Superhydrophobic surfaces with a water contact angle Θ larger

than 150° (Fig. 3.10, right) have generated much interest due to their poten-

tial in industrial applications (mainly for self-cleaning application) but have

not been realized yet for the enhancement of concrete durability.

In order to realize the superhydrophobic hybridization of concrete inter-

pore space, the siloxane-based admixture (e.g., PEHS/PMHS) is combined

with small quantities of superfine, submicron-, or nanosized particles such as

nanosilica, nanoclay additives, or SiO2-rich reactive powders [5,12,14].

Fig. 3.11 shows that the modified PEHS/PMHS admixture forms small,

uniform air voids that are evenly distributed within the cement paste. As

a result, the surface of these voids is covered by the hydrophobic particles,

providing the effect of superhydrophobic hybridization. The bond between

the particles and cement pore surface depends on the size and reaction ability

of particles and also on the degree of particle hydrophobization. It can be

envisioned that even loosely attached particles will provide sufficient pillars

Fig. 3.11 How superhydrophobic hybridization of concrete works [12].
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and roughness required for the superhydrophobic effect; this will limit the

transport of water or aggressive solutions, thereby boosting concrete resis-

tance to detrimental chemicals.

Hydrophobized polyvinyl alcohol (PVA)-fiber-reinforced mortar spec-

imens based on PC and slag cement were tested for freezing and thawing.

Polymethyl-hydrogen siloxane (PHMS) was used as the hydrophobic agent.

Microparticles of SF or metakaolin were used to stabilize [12,14,47] and

modify the PMHS emulsion using the “shell” and “core” approach [12].

The fiber-reinforced concrete (FRC) was designed with 2.75% (by volume)

of PVA fibers, water-to-cementitious material ratio of 0.30 and 0.45 with

sand-to-cementitious material ratio of 0.5 and 1.0, respectively. These com-

positions were compared with hydrophobic composites.

The effects of fibers, the concentration of cementitious material, and the

concentration of the hydrophobic agent (emulsion type) were investigated

for the contact angle. Samples treated with a higher concentration of PHMS

emulsion showed greater contact angle than lower concentration and com-

bining fiber, submicron- and nanosized particles of SF, and PHMS treatment

resulted in samples with further increased contact angle due to the micro/

nanoroughness of the hierarchical roughness as predicted (Fig. 3.11). Results

of the freeze-thaw testing up to 750cycles at �50°C demonstrate that the

main factor affecting the durability of FRC is the W/C (Fig. 3.12).
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Fig. 3.12 Durability factor for samples during freezing and thawing in 5% NaCl
solution [14].

61Cement-based nano-engineered materials for eco-efficiency

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



All samples with a W/C of 0.3 displayed excellent performance through

as many as 700cycles by maintaining of durability factor of 100 or more.

For these samples, an increase in the durability factor can be seen

through the first 200cycles. This can be attributed to the continued

strength gain (since the samples were placed in the chamber at the

age of 14days). This, however, was not the case for FRC with higher

W/C, which demonstrated that weaker matrix with larger capillary

porosity was subjected to immediate deterioration due to severe expo-

sure (cycling in 5% NaCl solution). The FRC with PMHS emulsions

(E45) demonstrated a better performance versus the reference mixture.

Here, the FRC samples prepared with a higher W/C and superhydro-

phobic admixtures (E45 Salt) displayed better performance compared to

the samples without (REF45 salt).

The application of hydrophobic emulsions with nanosilica as a coating

on mortar tiles proved to result in high contact and low roll-off angles, espe-

cially when diluted emulsions were used [47–52]. Based on the durability-

testing results, it is clear that FRC with low W/C had an ultimate freeze-

thaw response demonstrating a durability factor of more than 100% through

as many as 700 freezing and thawing cycles in 5% NaCl at 50°C. The effect
of superhydrophobic admixtures is evident in FRC tested in NaCl solutions.

In highW/C (�0.45) FRC, the use of superhydrophobic emulsions enables

improvement to freeze-thaw resistance. The combination of surface and

internal hydrophobization should result in ultradurable cementitious com-

posites [13,14].

3.11 Developing new functionalities

Concrete represents one of the oldest material technologies that have wide-

spread use in civil and infrastructure applications due to its high compressive

strength and exceptional durability that can be achieved at relatively low

production costs [43]. With the intensification of urbanization, a consider-

able CO2 footprint of commercial and residential buildings is associated with

ever-increasing levels of energy consumption, thereby requiring innovative

approaches to the direct production of electrical energy. Therefore, realizing

solar energy harvesting capabilities of concrete surfaces can offer multiple

benefits, including onsite power generation. Most of the recent research

in concrete was focused on improving the mechanical characteristics; how-

ever, new pathways to develop concrete with novel value-added function-

alities were suggested [22,50,53–55]. Examples include incorporating
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TiO2 nanoparticles in photocatalytic concrete that is capable of air depollu-

tion (e.g., by reducing NOx upon exposure to UV light) and self-cleaning

[50,52].

The feasibility of the electrolyte-based concrete-dye cell (EC-DC) based

on a multilayer sandwich structure composed of TiO2-concrete and the

conductive carbon nanotube cementitious composite of a controlled porous

structure was evaluated [53]. The EC-DC current-voltage measurements

performed under illumination at incident optical powers of �46mW con-

firmed the generation of electrical power of�0.64μWwith almost half gen-

erated via battery effect. The reported research presents a step forward in

developing multifunctional, zero CO2 footprint concrete product deriva-

tives with novel solar-to-electrical power conversion capabilities.

3.12 Conclusions

The various described methods of nanomodification are effective to boost

the mechanical performance, durability, and SCM utilization rate that can

provide sustainable solutions for the concrete industry. The combination

of these methods can result in a flexible, effective, economical, and sustain-

able solution for producing eco-cement and concrete with high volumes of

byproducts such as granulated blast furnace slag, fly ash, or even off-spec

materials. The advantage of this proposed solution is its applicability to

cement and concrete technology and also its ability to control the properties

of nanocement. The described concepts can result in optimal solution to

meet the development objectives for sustainable cement materials required

in future construction projects.

Nanotechnology has changed and will continue to change our vision,

expectations, and abilities to control the material world. These develop-

ments will greatly affect construction and the field of construction materials.

The major achievements in this domain include:

• the ability to observe the structure at its atomic level and measure the

strength and hardness of micro- and nanoscopic phases of composite

materials;

• discovery of a highly ordered crystal nanostructure of “amorphous”

CdSdH gel;

• self-cleaning concrete based on photocatalyst technology;

• development of finishing materials with self-cleaning properties, discol-

oration resistance, anti-graffiti protection, and high scratch-and-wear

resistance;
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• nanometer-thin coatings that protect carbon steel against corrosion and

enhance thermal insulation of window glass; and

• smart stress-sensing composites.

Among new nano-engineered polymers are highly efficient superplasticizers

for concrete and high-strength fiber composites with exceptional energy-

absorbing capacity. Nanoparticles, such as silicon dioxide, were found to

be a very effective additive to polymers and concrete, a development

recently realized in high-performance and self-compacting concrete with

improved workability and strength.

Concrete, one of the largest commodities consumed by humankind, has

significant, but not completely explored, potential. Better understanding

and precise engineering of an extremely complex structure of cement-based

materials at the nanolevel will result in a new generation of concrete that is

stronger and more durable, with desired stress-strain behavior and possibly

possessing the range of newly introduced “smart” properties, such as elec-

trical conductivity, temperature-, moisture-, and stress-sensing abilities. At

the same time, this new concrete should be sustainable, cost, and energy

effective—in essence exhibiting the qualities modern society demands.

Nanobinders or nano-engineered cement-based materials with nanosized

cementitious component or other nanosized particles are the next

ground-breaking development.

The development of superhydrophobic and nanobinder-based con-

crete can set the top of sustainability benchmarks and so can serve as the

next technological platform for sustainable development of the concrete

industry by reducing the use of cement content by at least 50% and

radically extending the service life of developed concrete by a factor of

5 and higher. Such technology represents a multi-scale design involving

superhydrophobic hybridization and the fine-tuning of the nano- and

microstructure of cement-based materials to meet these performance spec-

ifications. The proposed concept serves as a platform for the development

of new types of concrete, including those with ultra-high durability and

increased volumes of utilized waste and industrial byproducts. In addition,

concrete with higher volumes of byproducts can provide greener solutions

for the next generation of eco-concrete at lower costs. Reducing PC con-

tent by 50% and improving the overall performance of eco-concrete can

help to reduce the carbon footprint of the structures by 40% and decrease

the use of raw materials required for cement and concrete manufacture

[1,3,4,6,15,17,18,20,31].
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Additionally, the introduction of these novel materials into the public

sphere through civil infrastructure will necessitate an evaluation and under-

standing the impact they may have on the environment and human health.

Nanotechnology is still in its pre-exploration stage—it is just emerging

from fundamental research onto the industrial practice; thus, its full-scale

applications—especially in construction in 2022—are still limited. How-

ever, the tremendous potential for nanotechnology to improve the perfor-

mance of conventional materials and processes is most promising.
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CHAPTER 4

Design, mechanism,
and performance of cement-based
materials with zero-dimensional
nanomaterials
Zemei Wua,b and Kamal H. Khayatb
aCollege of Civil Engineering, Hunan University, Changsha, People’s Republic of China
bCenter for Infrastructure Engineering Studies, Department of Civil, Architectural and Environmental
Engineering, Missouri University of Science and Technology, Rolla, MO, United States

4.1 Introduction

Concrete is an intrinsically heterogeneous material consisting of cementa-

tions materials, water, fine aggregates, coarse aggregates, chemical admix-

tures, and/or fibers. Its macro-properties, including mechanical properties,

dimensional stability, and durability, are dominated by the structure at the

micro and nanoscale levels. Pores, interface, and atomic irregularities of

various types, existing at micro and nanoscale levels can degrade the per-

formance of concrete [1,2]. For example, the quality of the interfacial tran-

sition zone (ITZ) between cementitious matrix and aggregate and/or fiber

exerts a great effect on permeability and mechanical properties. This is

because the interface is more porous and less stiff than that of the bulk

cementations matrix. The existence of pores and microcracks in this zone

with steel reinforcements and aggregate will trigger concrete failure

because less ultimate stress is required to initiate the cracking. Pore struc-

ture among gel pores also significantly affects autogenous shrinkage of con-

crete, thus affecting the cracking and durability of concrete.

Portland cement clinker contains four principal minerals, namely, alite

(C3S), belite (C2S), aluminate (C3A), and ferrite (C4AF). The underlying

core to bind all components of cement-based materials to finally lead to

paste, mortar, and concrete is mainly attributed to complex chemical reac-

tions between cement and water. When cement grains are contacted with

water, various chemical reactions occur simultaneously. As the reactions

proceed, the products of the hydration process gradually bond together sand,

gravel particles, and other components of cement-based materials to form a
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rigid system. The resulting porous multiphase matrix contains the main reac-

tion products CdSdH gel, calcium hydroxide, AFm and AFt phases, and

unhydrated clinker. The main hydration product of calcium silicate hydrate

phase (CdSdH gel), occupying at least 50% to 60% of the concrete vol-

ume, is the most important substance dominating the properties of cement-

based materials. It is reported as a nano-structured material with an average

diameter of approximately 10nm [3]. The quantity and quality of CdSdH

can have important implications for mixture design and overall performance

of cement-based materials. CdSdH can be classified into at least three

structurally different forms based on its intrinsic properties, i.e., stiffness,

hardness, and volume fractions, including low-density, high-density, and

ultra-high-density CdSdH [4–6].
Use of low water-to-binder ratio, high range water reducer, fine parti-

cles, such as supplementary cementitious materials (SCMs) and nanoparti-

cles, and decreased size of aggregates, have been employed to develop

high-performance concrete (HPC) and ultra-high-performance concrete

(UHPC). Among these various measures being explored, the use of nano-

particles is one of the most promising strategies given their strengthening

effect from the nanoscale. Therefore, providing a scientific basis through

exploring nanoscience and nanotechnology will lead to sustainable and

eco-efficient construction. Also, this approach will link the initial synthesis

and processing conditions with the evolving microstructure and the result-

ing macroscopic response of cement-based materials.

Since the introduction of nanomaterials, extensive research has been

conducted to promote their use in cement-based materials. It is well known

that nanomaterials can act as nuclei for cement phases, further promoting

cement hydration due to their high reactivity. Its filler effect can fill pores

among coarse particles, thus leading to densification of microstructure,

enhancement in homogeneity, and improvement in strength and durability.

This chapter will discuss the common zero-dimensional (0-D) nanoma-

terials employed in cement-based materials. The dispersion and mixing pro-

cedure, mechanisms underlying performance enhancement, and how those

materials affect the fresh and hardened properties of cement-based materials

will be explored.

4.2 Types and characteristics of 0-D nanomaterials

Nanomaterials are engineered materials processed to have an extremely

small size, typically from 1nm to 100nm, to take advantage of their unique
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physical and chemical properties. The technologies that lead to the industrial

outputs of nanomaterials involve plasma arching, chemical vapor deposition,

electro-deposition, sol-gel synthesis, mechanical attrition, and the use of

natural nanosystems [7]. Based on their geometries, nanomaterials can be

categorized into 0-D, one-dimensional (1-D), two-dimensional (2-D),

and three-dimensional nanomaterials (3-D), as depicted in Fig. 4.1. 0-D

nanomaterials include nanocluster materials and nanodispersions, i.e., mate-

rials in which nanoparticles are isolated from each other. Fig. 4.2 compares

the particle size and specific surface area (SSA) of typically nanomaterials to

commonly used components in concrete. The 0-D nanomaterials are one to

three orders of magnitude finer than those of cement and SCMs, while four

to six orders of magnitude finer compared to the size of aggregates. The use

of different scales of materials combined with chemical admixtures, such as

high-range water-reducer, results in various types of concrete.

The 0-D nanomaterials typically used in cementitious materials mainly

include nano-SiO2, nano-CaCO3, nano-Fe2O3, nano-Fe3O4, nano-

TiO2, nano-CuO, and nano-ZiO2. Table 4.1 summarizes the physical

Clusters 
0-D 

Nanotubes, fibers and roads 
1-D 

Films and coats 
2-D 

Polycrystals 
3-D 

Fig. 4.1 Illustration of different dimensional types of nanomaterials.
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and chemical properties of these 0-D nanomaterials. The density, color, and

morphology can vary from each other, depending on the material type and

production method. Most of the 0-D nanomaterials exhibit spherical parti-

cle shape, as reflected from scanning electronmicroscope (SEM) observation

in Table 4.2.

However, some 0-D nanomaterials show their unique shapes.

For instance, nano-CaCO3 is a cubic or hexagonal substance, while

Fig. 4.2 Particle size and SSA related to concrete materials [8].

Table 4.1 Physical and chemical composition of typical 0-D nanomaterials.

Type
Density
(g/cm3)

Diameter
(nm)

SSA
(m2/g) Color Morphology

Nano-SiO2 2.2–2.6 10–20 50–200 White Amorphous

Nano-CaCO3 2.9 10–100 30–60 White Cubic or

hexagonal

Nano-Fe2O3 5.2 20–40 40–80 Red or

reddish-brown

Spherical

Nano-Fe3O4 4.8–5.1 15–30 40–160 Dark brown Spherical

Nano-TiO2 4.2 10–500 8–60 White Spherical

Nano-Al2O3 4.0 10–300 5–15 White Rhombohedra
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Table 4.2 SEM images and XRD analysis of commonly used 0-D nanoparticles.

Type SEM image XRD analysis Reference

Nano-SiO2 [9,10]

Nano-CaCO3 [11]

Nano-Fe2O3 [12]

Continued
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Table 4.2 SEM images and XRD analysis of commonly used 0-D nanoparticles—cont’d

Type SEM image XRD analysis Reference

Nano-Fe3O4 [13]

Nano-TiO2 [14]

Nano-Al2O3 [10,15]
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nano-Al2O3 is a rhombohedron one. The compounds of the nanomaterials

can be identified using X-ray diffraction (XRD) analysis. The intensities of

the diffracted waves depend on the type and arrangement of atoms in the

crystal structure.

4.3 Dispersing and mixing of 0-D nanomaterials

Effective dispersion of nanoparticles in cement-based materials is quite chal-

lenging because of the great surface energy associated with their high

fineness and SSA, which can easily lead to agglomeration issues. The

agglomerated nanoparticles can overlap with each other to not be available

for chemical reaction, leading to decreased utilization efficiency. Meantime,

it can lead to weak zones inside cement-based materials, such as entrapped

air voids, which are recognized as trigger zones for concrete failure when

subjected to stress concentration. Therefore, the dispersion state of nanopar-

ticles can significantly affect the key fresh and hardened properties of

cement-based materials. To maximize their function, nanomaterials should

be dispersed appropriately before mixing with constituents, including

cementitious materials, aggregate, chemical admixtures, and water.

In some literature, the 0-D nanoparticles are directly mixed into cemen-

titious materials following the normal mixing procedure with aggregate and

then liquids. This is simple and easy to conduct. Satisfactory dispersion can

be achieved to contribute to the mechanical properties of cement-based

materials at relatively low content [16]. However, agglomeration issues

are unavoidable if the 0-D nanoparticles are added at relatively high content.

Attempts, such as physical and chemical dispersion methods, have been

employed to secure a more uniform dispersion of 0-D nanoparticles. The

0-D nanoparticles can be predispersed in water or a combination of water

and chemical dispersing agents using ultra-sonification [17,18]. For example,

nanoparticles can be stirred in water at a rotation speed of 120rpm for

approximately several to 30min before adding polycarboxylate superplasti-

cizer [19,20]. Water-reducing agents, such as b-naphthalene sulfonic acid

and formaldehyde condensates, are also used to help disperse the 0-D nano-

particles in cement paste and achieve good workability [21]. In this case, the

mixing of materials would follow the following procedure. Firstly, water

and/or water-reducing agent are first mixed using a mortar mixer. The

0-D nanoparticles are then added and stirred at high speed (� 150rpm) for

several minutes. Cementation materials, sand, and coarse aggregate are then

mixed at a low speed for several minutes in a centrifugal concrete blender.
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Finally, the mixture of water, water-reducing agent, and 0-D nanoparticle are

slowly added and stirred at a relatively low speed for several minutes to achieve

good workability. The stirring duration depends on the dispersion state of the

materials.

Fig. 4.3 shows typical SEM and transmission electronmicroscopy (TEM)

images of nano-TiO2 particles before and after treatment using 28kHz

ultrasonic waves in water for 10min. The nano-TiO2 particles are fully

overlapped with each other before dispersion (Fig. 4.3). The flocculation

of nano-TiO2 particles is effectively mitigated after ultra-sonification treat-

ment (Fig. 4.3A and B). Chemical dispersing agents, such as superplasticizer,

can facilitate the nanoparticle dispersion in liquid solution due to electro-

static repulsion and steric hindrance [22]. Sonification can be employed

(A) (B)

(C)

Fig. 4.3 Images of nano-TiO2 particles before and after dispersion. (A) Nano-TiO2

particles before dispersion. (B) Nano-TiO2 particles after dispersion. (C) TEM image
after dispersion [20].
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to reduce the agglomerate size by approximately an order of magnitude.

It should be noted that the use of extensive sonification and dispersing agents

can better disperse 0-D nanoparticles. Still, it cannot guarantee well-

uniformed dispersion of 0-D nanoparticles due to the ultra-fine size.

4.4 Mechanisms underlying performance enhancement
of cement-based materials with 0-D nanomaterials

Because of the extreme fineness and high-specific surface of 0-D nanopar-

ticles, three mechanisms are often referred to enhance the properties of

cement-based materials.

4.4.1 Filler effect
Nanomaterials are approximately one to three orders of magnitude finer

than that of ordinary Portland cement and traditional SCMs, as shown in

Fig. 4.2 [23]. Therefore, nanomaterials can fill the space between coarse

and fine grains to render a dense packing of the system. This can reduce

the porosity and enhances the densification of concrete. It should be noted

that the addition of high 0-D nanoparticle content allows more water

absorbed into nanoparticles, which can significantly increase water and

chemical admixture demand [24]. It can also aggravate the agglomeration

issues that occur around the aggregate and/or fibers because of its high sur-

face area, thus leading to entrapped air voids and porous ITZ [24]. The

resulting porous fiber-matrix interface can greatly reduce fiber-matrix bond

strength and eventually mechanical properties of UHPC [24].

4.4.2 Nucleation effect
Nucleation is the process where nuclei or seeds act as templates for crystal

growth. Homogeneous nucleation occurs when nuclei form uniformly

throughout the parent phase, whereas heterogeneous nucleation forms at

structural inhomogeneities, such as container surfaces, impurities, grain

boundaries, and dislocations [25]. When 0-D nanoparticles are dispersed

in fresh cement-based materials, heterogeneous nucleation will initially

occur at cement grain boundaries. This can facilitate the hydration of C3S

and the pozzolanic reaction of SCMs due to the thermodynamic drive that

comes from the high surface energy. The hydration acceleration effect on

cement associated with 0-D nanoparticles is recognized as the primary

one to influence the properties of cement-based materials.

77Design, mechanism, and performance of cement-based materials

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



The reaction of cement with water is a dissolution-precipitation pro-

cess. Immediately after the first contact of cement with water, easily sol-

uble components, like alkalis, C3S, and free lime are dissolved by the

surrounding water [26]. This forms the saturated/oversaturated ion solu-

tion, which mainly includes ions, such as Ca2+, SiO4
4�, and SO4

2�.
Hydration products, such as calcium hydroxide and CdSdH, precipi-

tate on the surface of dissolving C3S once reaching their saturated points,

as illustrated in Fig. 4.4A. The microstructure of cement-based materials

at an early age is often relatively loose since limited formed hydration

products. With the addition of 0-D nanomaterials, they can act as hydra-

tion seeds around formed CdSdH and/or 0-D nanoparticles to form

more C-S-H gels during the precipitation process (Fig. 4.4B). The func-

tion of using 0-D nanoparticles for nucleation seeds to form CdSdH is

found to be almost comparable to that of using CdSdH seeds

(Fig. 4.4B). Therefore, it contributes to enhancing the accelerated disso-

lution and/or hydration of cementitious materials and shortens the dor-

mant period of cement hydration.

Fig. 4.4 Illustration of hydration process of pure cement (A), with 0-D nanoparticles (B),
with CdSdH seeds (C) at different times (1–3) after mixing [27].
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4.4.3 Chemical effect
Except for the filler and nucleation effect, some 0-D nanomaterials exhibit

chemical effect to form new substances to increase the volume of hydration

products. Such chemical reaction can happen between the 0-D nanoparti-

cles and cement clinker and/or hydration products, such as Ca(OH)2
[28,29]. Typical examples are nano-SiO2 and nano-CaCO3. Such reactivity

related to nano-SiO2 is also called pozzolanic effect, similar to silica fume,

due to its rich amorphous SiO2 content. The pozzolanic reaction is a chem-

ical reaction that involves the consumption of Ca(OH)2 to form CdSdH

in the presence of water. Ca(OH)2 crystals in cement-based materials are

weak phases because their c-axis are preferentially perpendicular oriented

to the surface of rigid phases, such as aggregate and fibers, resulting in entrap-

ment of pores.

When nano-SiO2 dissolves in water, the unsaturated ^SidOd bond

would combine with H-OH and/or OH- bonds from water to form a

saturated^SidOH bond (Eqs. 4.1, 4.2). The^SidOH bond then reacts

with Ca(OH)2 to form CdSdH to decrease the Ca(OH)2 content and

increase the CdSdH content (Eq. 4.3).

^SiROR+HROH!^SiROH (4.1)

^SiR+OHR!^SiROH (4.2)

^SiROH+Ca OHð Þ2!CRSRH (4.3)

For nano-CaCO3, it can react with C3A and/or Ca(OH)2 to generate

mono- and/or hemicarboaluminate (Eqs. 4.4, 4.5). These can increase

the volume of hydrates and eventually result in denser microstructure,

greater fiber-matrix bond, and higher mechanical properties of cement-

based materials.

CaCO3 + 3CaO � Al2O3 + 11 H2O ! 4 CaO � Al2O3 � CaCO3 � 11H2O

(4.4)

0:5CaCO3 + 11:5H2O + 3CaO � Al2O3 + 0:5Ca OHð Þ2
! 4 CaO � Al2O3 � 0:5CaCO3 � 12H2O (4.5)

4.5 Performance of 0-D nanomaterials enabled
cement-based materials

4.5.1 Fresh properties
Fresh properties of cement-based materials are essential to evaluate the ease

of transport and placement. This can be performed using standard
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workability tests, such as rheometric techniques, setting time, mini spread-

flow, L-box (for self-consolidating concrete), and V funnel testing. It is

reported that the addition of nano-SiO2 can reduce the initial and final set-

ting times of cement paste, mortar (Fig. 4.5), and concrete [28,30] because of

the acceleration of hydration process. This applies to other types of 0-D

nanoparticles. In addition, the initial and final setting times can decrease with

the increase of nanoparticles. The magnitude of reduction depends on 0-D

nanoparticle content, water-to-binder ratio (W/B), and mixture propor-

tion. When 0-D nanoparticles are used in a small amount, they can fill voids

among cement particles to replace some entrapped water. This can increase

the fluidity of the mixture [31]. At a relatively high amount of 0-D nano-

particles, a large amount of free water and superplasticizer can be adsorbed

onto the surface to increase the viscosity and eventually reduce the flowabil-

ity [32]. Given the water-reducing admixture content, the loss of workabil-

ity is proportional to the concentration of 0-D nanoparticles. This is because

0-D nanoparticles require more water to wet their surface due to high SSA,

hence resulting in less workable and more viscous fresh mixture. Quercia

et al. [33] found that fresh self-consolidating concrete with an addition of

3.8% nano-SiO2, by mass of cement, showed similar flow properties and vis-

cosity when compared to the reference mixture made without any nano-

SiO2. Increased torque, plastic viscosity, and yield stress are observed with

the use of nano-SiO2 and nano-TiO2 in cement mortar [34]. It is important

to mention that the increased viscosity can enhance the cohesiveness of

550

500

450

400

350

S
et

tin
g 

tim
e 

(m
in

)

300

250

200

150
0 0.5 1 1.5

% NS content

2

Initial (min)

Final (min)

2.5

Fig. 4.5 Changes in initial and final setting times of mortar with nano-SiO2 content [30].
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nano-modified cement-based materials, which is beneficial in preventing

segregation, especially for shotcrete applications [34].

Controversial findings regarding the effect of 0-D nanoparticles on the

flowability of cement-based materials have been reported in the literature.

This is because the workability is affected by W/B, mixture proportion,

and main characteristics of 0-D nanoparticles, such as particle size distribu-

tion, shape, density, SSA, pore structure, and reactivity. The adverse effect

on workability caused by 0-D nanoparticles can be alleviated by the use of

SCMs, such as fly ash and slag, the increase in superplasticizer dosage, and the

delayed addition of all the mixing water at a time [34,35].

4.5.2 Heat of hydration
Isothermal calorimetry can be used to evaluate the effect of 0-D nanomater-

ials on the early-age hydration of cement-based materials. Generally, the use

of 0-D nanomaterials, such as nano-SiO2, nano-TiO2, nanoclay, and nano-

CaCO3, can accelerate the hydration process [9]. When 0-D nanoparticles

are in contact with water, they can act as potential heterogeneous nucleation

sites for the hydration products, and the grain boundary region can be

densely populated with nuclei [36]. Thus, the intensity of the heat peak

is increased, and the duration to reach the hydration peak of hydration

and the dominant period are shortened, as shown in Fig. 4.6. The heat

peak can be shifted from approximately 13h to 8h with the addition of

nano-TiO2. Besides, the cumulative heat released increased with the

addition of 0-D nanoparticles. Worth mentioning is that nano-TiO2

particles in the form of anatase show the potential to add new functionalities

Fig. 4.6 Heat of hydration of paste made with different nano-TiO2 contents. (A) Rate of
heat evolution. (B) Total heat of hydration. (Note: P25 denotes mixture made with 75%
anatase and 25% rutile) [37].

81Design, mechanism, and performance of cement-based materials

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



to infrastructures, such as self-cleaning capacity. However, the degree of

hydration is slowed down after 7days because most of the water available

for hydration is absorbed by the 0-D nanoparticles [38].

4.5.3 Mechanical properties
The mechanical properties of concrete are the properties most valued by

designers and quality control engineers. A lot of studies have been done

on the effects of nano-SiO2, nano-CaCO3, and nano-iron on the mechan-

ical properties of cement-based materials. Generally, with the increase of

nanoparticles, the mechanical strength, including compressive, flexural,

and tensile strengths, and modulus of elasticity are gradually increased.

The pronounced effect of 0-D nanoparticles on strength is mainly focused

at early ages before 7 d. Given the same diameter and SSA, it is reported that

the inclusion of 0-D nano-SiO2 increased the compressive strength of self-

consolidating mortar more significantly at the early stages, when compared

to those of nano-Al2O3 and nano-TiO2 [39]. However, there is no signif-

icant difference among the mortars with various 0-D nanoparticles at the

later ages of 28 and 90 d. Concrete made with nano-CaCO3 is reported

to have a greater effect on flexural strength when compared to compressive

strength [24]. Meanwhile, the highest splitting tensile strength is observed

on UHPC made with 3% nano-CaCO3 compared to concrete made with

the same amount of nano-SiO2, nano-TiO2, and nano-Al2O3 [40]. Some

authors employed two or more types of 0-D nanoparticles in concrete

and found that specimens containing combined nanoparticles can indeed

show the highest improvement in mechanical properties [39].

A threshold limit of 0-D nanoparticles exists, beyondwhich themechan-

ical properties can be impaired [16]. This is because high 0-D nanoparticle

content can easily result in agglomerate issues due to decreased workability,

thus leading to more cracking and air voids near the embedded fibers and

aggregate. Such cracks and air voids are triggers for the concrete failure,

which can lead to reduced fiber-matrix bond properties and eventually

decreased mechanical properties. Therefore, appropriate nanoparticles con-

tent should be used to secure dense microstructure and high strength and

toughness. The optimal 0-D nanoparticles content varies in different ingre-

dients, depending on various factors, such as composition, curing age, poz-

zolan type and content, chemical admixture, as well as nanoparticle size,

shape, and type. Rong et al. [41] evaluated the changes in compressive

and flexural strengths of UHPCmade with nano-SiO2 content, as illustrated
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in Fig. 4.7. The highest compressive and flexural strengths are found at 3%,

by mass of binder content. Wu et al. [16] found that the optimal nano-

CaCO3 and nano-SiO2 contents for compressive and flexural strengths of

UHPC matrix made with 20% silica fume at a 0.18 W/B are 1.6% to

4.8% and 0.5% to 1.5%, respectively. Ghafri et al. [42] investigated the effect

of nano-SiO2 addition (0, 1%, 2%, 3%, and 4%) on the mechanical proper-

ties of UHPC and found that the highest compressive strength is obtained at

3% nano-SiO2, by mass of cement. Li et al. [43] reported threshold values of

1.0% and 3.0% for nano-SiO2 and nano-CaCO3, respectively, with respect

to the mechanical strength of UHPC.

4.5.4 Shrinkage
Concrete shrinkage is due to the contraction of total mass upon loss of mois-

ture and is expressed as a change in length per unit length. It is time depen-

dent and can be categorized into plastic shrinkage, autogenous shrinkage,

drying shrinkage, and carbonation shrinkage in terms of its cause. The pri-

mary concern concerning the shrinkage of concrete is the potential for

cracking either in the plastic or hardened states [44]. Cracking can then serve

as conduits for water and salt, hence, leading to reduced strength, durability,

and service life of concrete [45].

It is reported that the drying shrinkage values increased with nano-SiO2-

content [46]. Replacing cement with nano-CaCO3 increases the autoge-

nous shrinkage of UHPC [43]. This is because the volume of hydration

products formed is lower than that of the master materials. On the contrary,

Fig. 4.7 Mechanical properties of UHPC made with different nano-SiO2 contents.
(A) Compressive strength. (B) Flexural strength. [41].
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some researchers reported that the inclusion of 0-D nanoparticles, such as

nano-SiO2, nano-CaCO3, nano-CaO, and nano-MgO, can decrease the

drying or autogenous shrinkage of concrete [47,48]. A possible explanation

is that the ultra-fine 0-D nanoparticles entrapped some water and then

release it to help the hydration process. Such free water can increase the

internal relative humidity, leading to lower capillary stresses according to

Kelvin’s law [49], and consequently reduce the autogenous shrinkage

[48,50]. In addition, 0-D nanoparticles accelerate the hydration process,

leading to faster development of internal microstructure, which acts as inter-

nal restraints against shrinkage. Furthermore, the addition of nanosize

expansive agents, such as nano-CaO and nano-MgO, can form expansive

products to compensate shrinkage of cement-based materials additionally.

Zhang et al. [51] indicated that the addition of nano-TiO2 can result in a

comparable drying shrinkage to that of the control specimen at curing

age of 1month. This is because the decline of the contact angle and the refin-

ing of pore structure can slow down the water loss of hardened cement paste.

4.5.5 Durability
The diffusion of ions or gases into internal concrete is the main cause for con-

crete degradation, which includes carbonation, frost damage, leaching, sulfate

attack, chloride intrusion, alkali-silica reaction, and steel corrosion. It is

shown that concrete containing 0-D nanoparticles can exhibit lower water

permeability and gas diffusivity compared to the control mixture without

any 0-D nanoparticles [52,53]. The use of 0.3% nano-SiO2 is reported to

decrease the water permeability of concrete made with 0.48W/B by 45%

[54]. Najigivi et al. [55] evaluated two sizes of nano-SiO2 (15nm and

80nm) on water absorption of concrete (W/B¼0.4) at the ages of 7, 28,

and 90 d. Cement is partially replaced with nano-SiO2 at levels of 0%,

1%, 1.5%, and 2%, by weight. The water absorption can decrease with the

addition of 80nm nano-SiO2 at all ages. The addition of 1.5% led to the low-

est percentage of water absorption at ages of 7 and 28 d, while the addition of

2% rendered the lowest percentage of water absorption at age of 90 d. The

addition of nano-SiO2 with 15nm particle size increased the percentage of

water absorption at age of 7 d, but decreased it at ages of 28 and 90 d.

The permeability to chloride migration can also decrease since the trans-

port channels become partially blocked and disconnected [54]. However, the

higher nano-SiO2 content at 0.9% did not produce a proportionally higher

resistance to chloride migration [54]. The nano-silica particle agglomerations

are responsible for this compromised benefit on chloride resistance. Kong
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et al. [56] found that the chloride penetration depth of mortar can decrease

gradually with nano-SiO2 content increased from 0.25% to 1%, as illustrated

in Fig. 4.8. Zhang and Li [57] reported that the resistance to chloride pene-

tration of concretes with nano-TiO2 can be greater than that with the same

amount of nano-SiO2. This is due to the smaller particle diameter and much

greater SSA of nano-SiO2 when compared to nano-TiO2.

The addition of 0-D nanoparticles can increase the abrasion resistance

and frost durability of concrete [33,58]. This is due to the reduction of

the amount of Ca(OH)2, especially at the weak ITZ. Some authors even

found that 0-D nanoparticles are more favorable to the abrasion resistance

of concrete than polypropylene fibers [59]. It is also found that the abrasion

resistance of concrete containing nano-TiO2 is better than that containing

the same amount of nano-SiO2 [59]. This is attributed to the finer particle

diameter and greater SSA of nano-SiO2. The addition of nano-SiO2 into

cement paste can significantly improve the thermal stability of the cemen-

titious system. Compared to samples made with silica fume, nano-SiO2-

modified specimens showed less strength loss after exposure to an

elevated temperature of 500°C [60].

4.5.6 Microstructure analysis
Microstructure analysis, such as porosity, micro and/nanomechanical prop-

erties, morphology of microstructure, of nano-reinforced cement-based

Fig. 4.8 Effect of nano-SiO2 content on chloride penetration depth of mortar [56].
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materials is vital because of its close relationship to macro-performance,

including mechanical properties, permeability, and visco-elastic properties.

The microstructure of cement-based materials can be evaluated using SEM,

energy dispersive X-ray analysis (EDX), XRD, mercury intrusion porosi-

metry (MIP), thermal-gravimetric (TG), microindention and nanoinden-

tion, and TEM techniques. Two or more techniques are often employed

to reflect the microstructure of concrete. SEM can be utilized to reveal

the morphology of hydration products, cement clinker, and pores. EDX

is usually used with SEM together. MIP is an efficient technique for

reflecting the porosity and pore size distribution of cement-based materials.

Lower porosity means higher strength and durability. XRD can provide

qualitative and quantitative information on crystal substances presented

in cement-based materials, which include SiO2, portlandite, C3S, ettrin-

gite, calcite, and even some CdSdH, through identifying corresponding

intensity peaks. TEM can be employed to spatially determine the chemical

compositions of the main hydration products of CdSdH in cement paste.

Microindention and nanoindention can be used to determine local

mechanical properties, such as elastic modulus and hardness. The short-

term creep behaviors of CdSdH phases can be detected using the

nanoindentation test.

SEM images showed that the 0-D nanoparticles are acting as fillers and

serving as nucleation seeds to promote the hydration process and improve

the microstructure of cement paste if they are uniformly dispersed [61]. This

can render a more uniform and denser microstructure of nano-modified

cement-based materials than that of the control mixture. The nano-SiO2 is

also found to reduce the quantity and size of calcium hydroxide crystals and

form secondary CdSdH at the interface due to the pozzolanic effect, based

on TG and XRD analyses [41]. The reduction of mass loss at temperature

range of 400°C to 500°C implies the consumption of calcium hydroxide.

This can produce a more homogeneous microstructure [54,62], as shown

in Fig. 4.9. Calcium hydroxide crystals can have a detrimental effect on

the performance of concrete due to leaching, carbonation, and introduction

of air voids and porous interface because of their preferential orientation to

the surface of the fiber and/or aggregate [63].

Fig. 4.10 illustrates MIP results of the effect of nano-SiO2 content

(0%, 0.5%, 1.5%, and 2.5%) on porosity and pore size distribution of mortar.

With the increase of nano-SiO2 content, the porosity decreased with nano-

SiO2 content increased from 0% to 1.25% and then decreased with a further

addition to 2.5%. The MIP results agree well with the mechanical proper-

ties. The formation of CdSdH and other hydrates related to the suitable
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Fig. 4.9 Microstructure morphologies at the ITZ. (A) Ordinary portland concrete.
(B) Concrete with 0.9% nano-SiO2 [54].

Fig. 4.10 MIP results of mortar with different contents of nano-SiO2 [64].
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use of 0-D nanoparticles content may decrease the total porosity, refine the

size distribution of pores, and reduce the pore connectivity, as reflected from

MIP analysis. The reduction of porosity mainly occurred within the capillary

pore range. As permeability and penetration of harmful substances into con-

crete are affected mainly by the large and medium capillary pores, the

decrease in those pore ranges is a good indication of enhanced durability

[65]. Meanwhile, the critical pore size of concrete with the addition of

nano-SiO2 is reduced. Critical pore diameter presents a mean size of pore

entryways that allows maximum percolation throughout the pore system.

The increased porosity associated with the high content of 0-D nanoparti-

cles is attributed to entrapped air voids associated with agglomeration issues.

Microhardness tests indicated that the microhardness of cement-based mate-

rials made with appropriate 0-D nanoparticles can be increased. From the

nanoindentation studies, it is observed that the nano-SiO2 can significantly

increase the high stiffness of CdSdH which is characterized by a lower

Ca/Si ratio [35].

4.6 Conclusions and outlook

The use of 0-D nanomaterials in cementitious materials has been extensively

studied in the laboratory in terms of their effect on fresh and hardened prop-

erties. The addition of 0-D nanoparticles in paste, mortar, and concrete is a

good way to enhance their properties and develop high-performance con-

crete and UHPC. Based on the contribution of nanoparticles in cement-

based materials, the following conclusions can be drawn:

(1) The addition of ultra-fine and high-specific surface 0-D nanoparticles

into cement-based materials can increase the water and water-reducing

agent amount and shorter the setting time. Thus, the workability of the

cement-based materials can reduce with the increase of 0-D nanopar-

ticles content. Meanwhile, 0-D nanoparticles can act as potential

nucleation sites for hydration products to accelerate the hydration

process.

(2) The use of suitable content of 0-D nanoparticles can contribute to a

dramatic increase in the mechanical strength of cementitious materials,

thus helping the production of HPC and UHPC. The mechanical

strength can increase with the addition of 0-D nanoparticles up to a

specified limit and then decrease attributed to agglomerations issues.

The optimum 0-D nanoparticle content is still controversial and

depends on many factors, such as W/B, mixture proportion, size,
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and type of 0-D nanoparticles. The related mechanisms to enhance

mechanical properties are as follows:

- Filling the spaces and pores between the coarse and fine particles to

render close packing of the solid system.

- Acting as nucleation sites for CdSdH precipitation, thus contrib-

uting to the development of hydration in Portland cement and

forming more hydration products.

- Chemical reaction with Ca(OH)2 crystals and/or C3A to produce

CdSdH gel and reduce the quantity and size of Ca(OH)2, espe-

cially for nano-SiO2 and nano-CaCO3.

(3) 0-D nanoparticles exert a great influence on enhancing the durability of

cement-based materials due to their chemical and physical properties.

(4) Appropriate use of 0-D nanoparticles in cement-based materials can

greatly densify and homogenize the microstructure and probably

induce the small-sized CdSdH gel precipitation with higher stiffness

and lower Ca/Si ratio. The quality of the interface between bulk

cementations matrix and aggregate/fiber can be improved to enhance

mechanical properties and durability. However, weak zones around

aggregate or fibers can be introduced to increase porosity due to

agglomeration issues, especially at relatively high content of the

nanoparticles.

Current challenges need to be solved before realizing the full potential of

nanotechnology in concrete applications, including proper dispersion, com-

patibility of the 0-D nanomaterials with other components, processing and

manufacturing, safety, handling issues, and material cost.
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CHAPTER 5

Design, mechanism,
and performance of cement-based
materials with 1D nanomaterials
Weina Menga and Kamal H. Khayatb
aDepartment of Civil, Environmental and Ocean Engineering, Stevens Institute of Technology, Hoboken, NJ,
United States
bCenter for Infrastructure Engineering Studies, Department of Civil, Architectural and Environmental
Engineering, Missouri University of Science and Technology, Rolla, MO, United States

5.1 Introduction

The major disadvantage of cement-based materials is their brittle nature

which is attributed to their poor resistance to crack formation, the low ten-

sile strength, and low tensile strain capacities. Efforts have been conducted to

enhance the tensile properties of cement-based materials by adding micro

or/and macro-fibers. Fibers change large wide cracks to dense microcracks.

However, the fibers fail to stop cracking initiation at nanoscale and propa-

gation at microscale. Extensive research endeavors over the last few years

demonstrated the application potential of various 1D nanomaterials, mainly

carbon nanofiber (CNF) and carbon nanotube (CNT), in cementitious

composites. Compared with 0D nanomaterials, 1D nanomaterials can effec-

tively restrict the formation and growth of nanocracks in cementitious

composites, which benefits the development of high crack-resistant

cement-based materials with superior mechanical properties and durability.

This chapter reviews recent research on design, performance, and mecha-

nism of cement-based materials with 1D nanomaterials.

5.2 Types and characteristics of 1D nanomaterials

5.2.1 Carbon nanotubes
The CNTs are a class of 1D nanomaterials with a cylindrical nanostructure

which consist of curved graphene layer made of carbon atoms in a honey-

comb structure. The CNTs are divided into single-walled CNTs and multi-

walled CNTs (MWCNTs) based on the number of graphene layers used in

their structure [1] (Fig. 5.1). The CNTs have excellent mechanical, thermal,
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electrical, and chemical properties [3–8]. In addition, the unique structure of
CNTs provides them with a variety of applications [9–12]. Besides the
chemical composition, the geometry of CNTs has also shown an influencing

factor on the performance of CNTs’ reinforced cement-based materials

[2,13]. The CNTs offer substantial aspect ratios for improving the mechan-

ical properties of cement-based materials by promoting the hydration

reactivity.

5.2.1.1 Properties of carbon nanotube
The CNTs have distinct tensile properties. The CNTs, as the stiffest fibers,

Young’s Modulus is reported in the range of 1–1.4 TPa [14,15], the elon-

gation to failure is 20%–30%, and the tensile strength ranging from 11 to

63GPa [16]. The superior mechanical properties of the CNTs are due to

the strong bonding between carbon atoms [16]. However, weak shear inter-

action between shells and tubes limits the applicability of CNTs [17]. Nev-

ertheless, this problem can be solved by using high-energy electron

irradiation, which can significantly strengthen the shear by creating strong

crosslinks between shells and tubes [18].

As a functional material, the CNTs also exhibit extraordinary thermal

conductivity. For nonmetallic materials, heat is mainly carried by phonons

that are defined as the quanta of crystal lattice vibration [19]. Phonon con-

duction mechanism is dominated by phonon active modes, the boundary

surface scattering, and the length of the free path for the phonons [20].

Therefore, quantitativemeasurement of thermal conductivity is challenging.

Researchers have alternatively employed theoretical simulations and

Fig. 5.1 Nanostructure of (A) single-walled CNTs and (B) multiwalled CNTs [2].
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in-direct experimental tools to study the thermal performance of CNTs.

Obtained results indicated that the thermal conductivity of CNTs varies

from 2000 to 6000W/mK [21–23].
In addition, the CNTs have unique electrical properties which mainly

stem from their 1D geometry and the electronic structure of graphite

[24]. Small diameter and high length-to-diameter ratio of CNTs prevent

the deflection of an electron from its path and thereby result in low electrical

resistance of CNTs [16,25]. Further, the high current density facilitates elec-

tron transition within CNTs, which in turn reduces the electrical resistivity

[26,27]. It is reported that the electrical resistance of CNTs is in the range of

5.1�10�6 to 1.2�10�4 Ωcm [28,29].

5.2.2 Carbon nanofibers
More straightforward synthesizing processes along with lower prices are the

most important advantages of CNFs over the CNTs. Therefore, the appli-

cation of CNFs in cement composites attracts more and more interests. The

CNFs have a diameter in the range of 50–500nm and a high aspect ratio

(typically more than 50 m2/g) [30–32]. CNFs are typically made of a single

or double layer of graphite planes that can be stacked parallel or at a certain

angle from the fiber axis [33,34] (Fig. 5.2). It has been shown that the

manufacturing process and the posttreatment methods could affect the prop-

erties of CNFs [35,36]. The CNFs have a Young’s Modulus as high as

400GPa, with a tensile strength of 7–30GPa [37]. The CNFs have shown

Fig. 5.2 TEM micrograph of CNFs showing (A) a single layer and (B) double layers of
graphite planes [35,36].
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to have lower thermal conductivity than CNTs, which has reported to be

1900W/mK [38]. The electrical resistance for CNFs has reported to be

1000Ωcm [38].

5.3 Dispersing of 1D nanomaterials in cementitious
matrices

When adding nanomaterials into the cement matrix and solvent, the distri-

bution of nanomaterials has a significant influence on the properties of nano-

composites [39]. The CNTs and CNFs, as the most commonly used 1D

nanomaterials in cementitious composites, suffer from poor dispersion

[38]. Strong van der Waals force in CNTs and CNFs is the primary factor

causing agglomeration of CNFs and CNTs in cementitious composites [40].

Large specific surface area, large aspect ratio and volume fraction, and long

length (i.e., causes interlocking) of the 1D nanomaterials, as well as low vis-

cosity of the cementitious matrix suspension are other important factors that

influence the tendency of these nanomaterials to agglomerate, which in turn

affects the uniform dispersion of CNFs and CNTs [38–40].
Besides undesirable effect on the performance of cementitious compos-

ite, poor dispersion of nanomaterials can adversely affect the hydration pro-

cess of cement and strength development. Stress concentration in vicinity of

the agglomerated area can generate local cracks which negatively affect the

performance of cementitious composite [38,41]. In this regard, uniformity

of CNTs and CNFs dispersed in the cementitious matrix is a critical factor

for the application of these nanomaterials in cementitious composite. Con-

sequently, researchers have put considerable effort into finding methods to

prevent agglomeration or to split the formed agglomerates [39–41].

5.3.1 Physical dispersion techniques
5.3.1.1 Ultrasonication
Ultrasonic method, [42–55], ball milling, and mechanical stirring methods

[56,57] are methods used to disperse nanomaterials within a cementitious

environment. Compared to the ultrasonic method, mechanical stirring

and ball milling methods have shown to be less effective. That is why these

methods are usually used as preliminary treatment for the suspension of

CNTs [58,59].

Ultrasonication is a method in which a voltage applied to a probe gen-

erates mechanical vibrations. As a result of these vibrations, pressure waves

are generated in the fluid, and bubbles are created on a microscale in the
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solution. Through a process known as cavitation, bubbles collapse and

release a high level of energy. The released energy leads to the dispersion

of nanoparticles [41,51,60,61]. The ultrasonic equipment utilizes two

methods for CNTs and CNFs dispersion: ultrasonic bath and ultrasonic

tip [49,62,63]. The ultrasonic tip has shown to be more effective in the dis-

persion of CNTs than the ultrasonic bath as it generates denser energy with

lower frequency [64]. Fig. 5.3 shows the effectiveness of the ultrasonic

method in the dispersing of CNTs [38].

Although the ultrasonic method has been shown to be highly efficient in

water and other liquid with low viscosity, this method cannot guarantee the

uniform dispersion of CNTs and CNFs in the cement environment [39].

For this reason, the ultrasonic method is mostly used with other dispersion

methods [47,65–67]. For instance, Konsta-Gdoutos et al. [49] used the com-

bination of ultrasonication and surfactant methods for the dispersion of

CNTs in cementitious composites. They disclosed that for proper dispersion

of CNTs, at least 70Pa of ultrasonic energy was needed. Some researchers

[68,69] reported that ultrasonication energy and time had a great influence

on the CNT dispersion. In this regard, long duration with high energy ultra-

sonication was reported to damage CNTs [68].

5.3.2 Chemical methods
5.3.2.1 Use of surfactant
Surfactants are a group of the compound known for their amphiphilic struc-

ture which means that their molecules have a functional group called the

Fig. 5.3 SEM images of CNT: (A) before sonication and (B) after sonication [38].
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hydrophilic group that has an affinity to water, and at the same time, they

have a functional group called a hydrophobic group, which does not show

affinity to water [41].

The effect of surfactant concentration and the mechanism through

which a surfactant improves the dispersion of nanomaterials was investigated

by Sobolkina et al. [70]. As shown in Fig. 5.4, the hydrophobic groups of the

surfactant adsorbed on the surface of CNTs and formed a micelle in which

the hydrophobic group faces inward, while the hydrophilic group faces out-

ward. The surfactant improves the dispersion of CNTs by means of electro-

static and/or steric repulsions between the surfactant molecules. As can be

seen from Fig. 5.4, in low concentration, the surfactant was not able to ade-

quately coat the surface of CNTs. In this case, there are still strong surface

effects between the CNTs. At an optimum concentration, the surface of the

CNT was entirely covered with surfactant molecules which hinder the

agglomeration of CNTs. It was also reported that toomuch surfactants could

not improve the CNTs’ dispersion but may cause agglomeration [71]. Find-

ing the optimum concentration is key for the uniform dispersion.

However, some research revealed that some types of surfactants might

not be compatible with the cement matrix [72,73]. In this regard, selecting

the appropriate surfactant is also a critical factor that significantly affects the

efficiency of CNT’s and CNF’s dispersion in the cementitious systems. For

instance, Ref. [72] disclosed that some surfactants such as Gum Arabic could

have an adverse influence on the dispersion of nanomaterials by reacting

with some superplasticizer. It has also been shown that surfactants that are

Fig. 5.4 Schematic view of the adsorbed surfactant molecules on the CNT surface:
I—low surfactant concentration; II—the condition of equilibrium, that is, the
formation of rod-like micelles; III—oversaturated surfactant concentration [70].
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incompatible with the cement matrix could have improper effects such as

preventing hydration and entrap substantial air in the cementitious materials

[72]. On the other hand, the surfactants such as nonionic polyoxythylene

laurylether [70], methylcellulose [74], and pluronic F-127 [75] are reported

as proper surfactant that are able to effectively disperse CNTs’ particles in

cement matrix without affecting the hydration process.

5.3.2.2 Use of typical cement admixtures
Recently, the influence of admixtures typically used in cement on the dis-

persion of CNTs and CNFs in cementitious systems has been intensively

investigated. Collins et al. [73] compared the capability of air entrainer, lig-

nosulfonate, and polycarboxylate-type superplasticizer, as cement admix-

tures, in dispersing CNTs in Portland cement mixtures. Among the

selected admixtures, polycarboxylates were found to have better perfor-

mance. They noted that the superiority of polycarboxylates was because

of the electrostatic repulsion caused by the carboxylate groups and the steric

repulsion due to the long lateral ether chains. Fig. 5.5 shows the SEM picture

of 28days CNT-OPC hardened paste samples. As is clear, adding

Fig. 5.5 Effect of admixtures on dispersion of CNTs: (A) no admixture, (B) air entrainer,
and (C) polycarboxylate [73].
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polycarboxylates significantly improved the dispersion of CNTs in the

cement matrix. Kim et al. [76] investigated the combined effect of pozzo-

lanic materials and superplasticizers on the dispersion of CNTs in the cement

matrix. Specifically, they used silica fume and nanosilica as a pozzolanic

material, and lignosulfonate, naphthalene, and polycarboxylate as superplas-

ticizer. They revealed that adding silica fume together with superplasticizer

could further enhance the dispersion of CNTs in cementitious composites.

However, it was shown that adding nano-silica was not effective in the dis-

persion of CNTs.

5.3.2.3 Covalent functionalization
The covalent functionalization method is to synthesize a covalent linkage

between the functional group and the carbon skeleton of CNTs or CNFs.

The covalent linkage allows the hydrophilic functional groups attached to

the surface of CNTs and CNFs and eventually improves the dispersion of

CNTs and CNFs by reducing the contact angle and increasing the wettabil-

ity of CNTs and CNFs when contact with water [42]. In addition, it has

been shown that the synthesized functional groups on the surface of CNTs

and CNFs can react with calcium silicate hydrate (CdSdH) and calcium

hydroxide (CdH) gel and form a strong covalent linkage within the cement

matrix [74].

Recent researches reveal that the acid treatment is an efficient method to

create functional groups on the surface of CNTs and CNFs in the cement

matrix [42,74,77]. Li et al. [74] showed that utilizing strong acids such as

H2SO4 and HNO3 formed carboxylic acid groups on the surface of

CNT, which significantly improved the dispersion of CNTs in cementitious

composites.

Covalent synthesizing of pozzolanic materials in order to improve the

dispersion of CNTs and CNFs has also been studied by researchers

[78,79]. For instance, Kim et al. [79] used silica fume as a pozzolanic material

and functionalized the surface of silica fume with a primary amine group and

the surface of CNTs with carbonyl chloride group in order to conjugate the

CNTs and silica fume. They reported that the amine group and carbonyl

chloride group caused silica fume and CNTs to form a covalent bond

(Fig. 5.6), which improved the dispersion of CNTs in the cement matrix.

5.3.2.4 Combination of various methods
As stated earlier, each of the above-mentioned methods has its own merits

and demerits. Therefore, it is hardly possible to achieve the optimal dispers-

ing of CNTs and CNFs, using only one method. In this regard, researchers
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have widely investigated the combined usage of several methods. For

instance, Maria et al. [47] employed the ultrasonic method along with the

surfactant method to study the dispersion of different length MWCNTs.

They noted that the sonication method, when used alone, could not lead

to proper dispersion while the combined use of sonication and surfactants

resulted in much better dispersion of MWCNTs. They also investigated

the effect of surfactant concentration on the dispersion of MWCNTs. They

considered different surfactants toMWCNTs weight ratio of 0, 1.5, 4.0, and

6.25 in their study. As can be seen in Fig. 5.7, in spite of ultrasonication,

CNT agglomeration can be observed when the surfactant was not used

(Fig. 5.7A). However, by increasing the surfactant concentration, the dis-

persion of CNTs improved significantly (Fig. 5.7B–D).

As mentioned above, the synergistic dispersion effect of silica fume and

polycarboxylic acid-based superplasticizer on CNTs was reported by Kim

et al. [80]. They noted that adding superplasticizer reduced the van der

Waals force among CNTs and increased the gaps, which consequently

reduced agglomeration in cementitious composites (Fig. 5.8). Silica fume

could further improve the dispersion of CNTs by filling the created gaps

between CNTs. Researchers also have investigated the combination of

the ultrasonic method, the surfactant method, and the covalent functiona-

lizing method. Conducted research reveals that proper utilization of several

methods can result in more effective dispersion of CNTs/CNFs and also

decrease the dispersing time [81].

5.3.3 Novel routes of 1D nanomaterials dispersion
All the aforementioned dispersing methods for 1D nanomaterials suffer from

some disadvantages, such as being time-consuming, consuming high energy,

Fig. 5.6 Synthetic schemes of covalently synthesized CNT and silica fume [79].
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Fig. 5.7 Surfactant concentration effect on nanotube dispersion: (A)–(D) represent a
dispersant to MWCNT weight ratio of 0, 1.5, 4.0, and 6.25, respectively.

Fig. 5.8 Influences of superplasticizer and silica fume on the dispersion of CNT.
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and negatively affecting mechanical properties of carbon nanomaterials [82].

Moreover, by utilizing conventional dispersing methods, it is not possible to

add a high dosage of carbon nanomaterials into the cement matrix.

Recently, researchers have proposed a novel method focusing on the

in-situ growth of CNTs and CNFs on the cement and mineral admixture

using chemical vapor deposition (CVD) and microwave irradiating conduc-

tive polymers method [83].

Chemical vapor deposition:CVD provides a relatively straightforward route

for synthesizing 1D nanomaterials. CVD utilizes the decomposition or reac-

tion of gas, liquid, or solid precursors under a controlled atmosphere to grow

1D nanomaterials [84,85]. For CVD, catalytically active substrates are gen-

erally most effective, and in this method, synthesis can be performed at pres-

sures ranging from atmospheric to ultrahigh vacuum. Substrate interactions

are vital to the growth of 1D nanomaterials [86,87] and can tune the prop-

erties of the material [88] through strain, symmetry, and chemical

interactions.

The processes used in the CVDmethod to growCNTs and CNFs on the

cement and other mineral surfaces are as follows:

• a carbon source gas is passed through the reactor and decomposed

• adding proper catalyst

• a powder feeder is used to introduced cement and other mineral admix-

tures into the reactor

• the temperature should be maintained in the range of 400–700°C
• a powder collector should be used at the end of the reactor system to

collect products

A schematic of the explained processes is shown in Fig. 5.9.

Fig. 5.9 Schematic view of the CVD method [89].
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It has been shown that temperature plays an important role in the forma-

tion of CNTs and CNFs on the cement surface [89]. For instance, Nasibulin

et al. [89–91] revealed that CNFs with the diameter of about 30nm and

average length of 3μm could be grown on the surface of the cement particles

(Fig. 5.10) in the temperature range from 550°C to 750°C, and that at the

temperature below 450°C, no carbon grew on the cement particles. They

also attempted to grow CNTs and CNFs on the surface of silica fume. They

reported that the CNFs with an average diameter of 40nm were observed at

the temperature of 550°C, and that CNTs were observed at the temperature

of 600°C (Fig. 5.11). The growth of CNTs and CNFs on the surface of

cement clinker and silica fume by CVD method was studied by Ludvig

et al. [92,93]. They revealed that high-purity CNTs could be obtained

on the surface of cement clinker, as shown in Fig. 5.12. Additionally, CNTs

and CNFs with a diameter of 30–60nm were observed on the silica fume

surface.

5.3.3.1 Microwave irradiating conductive polymer method
Another method that is currently employed in-situ growth of CNTs and

CNFs is microwave irradiating conductive polymer method. In this

method, a polymer material is used to absorb microwaves and is utilized

as the heating source. Polypyrrole is the polymeric material that usually uses

for the growth of nanocarbons due to its high efficiency in absorbing micro-

wave irradiation. Powder precursors such as ferrocene are also mixed with

polypyrrole in the solid state. The microwave is then radiated to the sample,

which increases the temperature above 1100°C at which the ferrocene is

Fig. 5.10 The TEM image of complete coverage of the cement particles by CNTs/
CNFs [89].
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decomposed to an iron catalyst and cyclopentadienyl. Cyclopentadienyl

could also be used as a carbon source for initiating CNTs and CNFs growth

(Fig. 5.13) [94–96].
Microwave irradiating conductive polymer technique utilizing for the

in-situ growth of CNTs and CNFs was firstly used by Liu and Zhang

[94–96]. They successfully grew the CNTs and CNFs on the surface of

fly ash particles by using microwave irradiating conductive polymer method

(Fig. 5.14).

Fig. 5.11 SEM images of (A) pristine silica particles and (B) CNTs grown on the surface of
silica [78].

Fig. 5.12 SEM image of CNTs grown on clinker [92].
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Fig. 5.13 Schematic view of the microwave irradiating conductive polymer method
[94–96].

Fig. 5.14 (A) SEM images of the CNTs on fly ash, (top) zoom-in SEM image; (bottom)
digital picture of coated fly ash (B) and (C) SEM images of CNTs coated polypyrrole
coated fly ash [94–96].
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5.4 Properties of cement-based materials with 1D
nanomaterials

5.4.1 Rheological properties
The parameters affecting the rheological behavior of concrete have gained

attention from researchers in recent years. Conducted research indicated that

chemical composition, fineness of cement, geometrical parameters of solid

components [97–99], properties of mineral and chemical admixtures

[100–103], cement hydration, temperature, and humidity [104], as well as

properties of filler [105,106] are some of the factors influencing the rheolog-

ical characteristics of concrete.

Cepuritis et al. [106] used the sonication method to disperse MWCNTS

(diameter 10–30nm and length 1–2μm) in the substitution level of 0.75% by

cement weight and revealed that addingMWCNTS reduces the workability

of the cement composite. Parveen et al. [75] used Pluronic and Defoamer as

a surfactant and disperse MWCNTs (diameter<8nm and length 10–30μm)

in the substitution level of 0.1% by cement weight. They reported that

workability decreased by 3.18%. Kang et al. [77] investigated the effect of

adding MWCNTs (diameter 20nm and length 1–25μm), which functiona-

lized with sulfuric acid (H2SO4) and nitric acid (HNO3) in the substitution

level of 0.1% by cement weight on the workability of cementitious mix-

tures. They dispersed MWCNTs with superplasticizer and sonication and

revealed that the flow diameter of the mixture containing 0.1% MWCNTs

reduced by 8.3% in comparison to the control mixtures.

In another study, Kim et al. [107] used MWCNTs (diameter 5–15nm
and length 10μm) in the substitution level of 0.1%, 0.3%, and 0.5% by

cement weight. Using a fixed dosage of superplasticizer, they dispersed

MWCNTs in the mixtures with different water-to-binder ratio of 0.4,

0.5, and 0.6. Similar to the previous studies, they showed that adding

MWCNTs decreased the workability of the mixtures at all water-to-binder

ratios. They noted that the workability was further decreased by increasing

the MWCNTs’ content. In a similar study, Collins et al. [73] reported that

by adding MWCNTs in the substitution level of 0.5%, 1%, and 2% by

weight of cement, the slump diameter of the mixtures reduced by 14.5%,

32.8%, and 48.9%, respectively. Manzur et al. [108] investigated the effect

of addingMWCNTs (diameter 10–20nm and length 10–30μm) on the rhe-

ological properties of cement composite. They disclosed that MWCNTs

caused the setting time of the mixture to reduce by 25% in comparison

to the control mixture. In addition, they revealed that adding MWCNTs

could prevent bleeding in the mixture.
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5.4.2 Mechanical properties
Ultra-high aspect ratio, along with excellent mechanical properties and

chemical stability, has made CNTs and CNFs useful materials for reinforcing

cement composite in comparison to traditional materials such as glass fiber

and steel fiber. CNTs and CNFs improve the properties of cementitious

composites through three primary mechanisms [109]:

• Crack-bridging mechanism

• Modifying the microstructure of hydration products and reducing the

nanoporosity of cement paste

• Playing a role as nucleating agents for hydration gels

Researchers have widely investigated the enhancement in the strength of

cement-based composites caused by adding CNFs and CNTs. Guan Fenglin

[110] studied the rupture and compressive strength of mixtures containing

different contents of CNFs at different ages. They showed that adding CNFs

increased the 3 and 28days compressive and rupture strength. Konsta-

Gdoutos et al. [111] studied the tensile and compressive elastic modules

of mortar containing different contents of CNTs and CNFs. They disclosed

that in comparison to the control mixture, mortars incorporating CNTs and

CNFs had higher tensile and compressive elastic modules.

The effects of CNTs (diameter 15–20nm and length 0.1–10μm) on the

compressive and flexural properties of nonautoclaved and autoclaved aerated

concretes were studied by Keriene et al. [112]. CNTs were dispersed using

surfactant and sonication methods. Their findings showed 7.35%, 4.41%,

11.03%, and 8.08% increase in compressive strength of nonautoclaved aer-

ated concretes containing 0.4%, 1%, 2%, and 4% CNTs, respectively. How-

ever, they revealed that in substitution level of 6%, compressive strength was

decreased by 7.35%. A similar trend was also observed for flexural strength.

For autoclaved aerated concretes, they disclosed that the compressive

strength was increased by 3.57%, 10.7%, 14.7%, and 24.5% in the mixtures

including 0.08%, 0.1%, 0.2%, and 2% CNTs, respectively. The flexural

strength was shown to increase by 7.4%, 19.4%, 25%, and 24.1%, respec-

tively. Zou et al. [113] studied Young’s modulus, flexural strength, and frac-

ture energy of cement composite containing functionalized CNTs (diameter

9.5nm and length 1.5μm) in the substitution level of 0.038% and 0.075%.

Obtained results showed a significant improvement in Young’s modulus,

flexural strength, and fracture energy.

Wang et al. [114] investigated the flexural toughness index and fracture

energy of cement composite incorporating CNTs (diameter 20–40nm and

length 5–15μm). They used surfactant (anionic Arabic gum) and ultrasonic
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method to disperse the CNTs. The flexural toughness index was shown to

increase by 31%, 57.47%, 47.13%, 31.61%, and 10.34% by incorporating

0.05%, 0.08%, 0.1%, 0.12%, and 0.15% CNTs, respectively. The fracture

energy was also increased by 4.89%, 501.11%, 347%, 191.87%, and 34%,

respectively. Shah et al. [44] investigated the effect aspect ratio of CNTs

on the mechanical performance of concrete at ages 3, 7, and 28days. They

added 0.048% and 0.08% CNTs, by weight, to cement paste by using sur-

factants and sonication methods. Short CNTs with an aspect ratio of 700 and

long CNTs with an aspect ratio of 1600 were used. Based on the reported

results, to achieve effective reinforcement, lower amounts of CNTs

(0.048%) were needed when using long CNTs, while higher amounts of

CNTs (0.08%) were required when using short CNTs.

From the above-cited references, it can be concluded that adding CNTs

and CNFs can improve the mechanical properties of cement materials, even

in low concentration. In Table 5.1, the effects of adding CNTs and CNFs on

the mechanical properties of cement composite are summarized.

5.4.3 Hydration kinetics and microstructure
As stated earlier, the effect of adding carbon nanomaterials on the mechan-

ical properties of cementitious composite has been widely studied by

researchers. Conducted research has revealed that carbon nanomaterials

make significant changes to the microstructure of cement composite. Car-

bon nanomaterials affect the hydration kinetics and microstructure through

different mechanisms that are discussed in the following paragraph.

Crack-bridging mechanism: It has been reported that CNTs and CNFs are

able to bridge gaps and pores in the range of 10–1000nm [75,127]. This

bridging mechanism acts as the main reinforcing mechanism in cement

matrices that makes delay to crack growth and hampers the formation of

micro-size pores or gaps by transferring load from the cement matrix to

the CNTs and CNFs [128]. The bridging effect, as shown in Fig. 5.15, cre-

ates a network structure between micro and nanocracks, which leads to an

improvement in mechanical properties such as bending strength and elastic

modulus [38].

Modifying the microstructure of hydration products and reducing the nanoporosity

of cement paste: Another mechanism through which carbon nanomaterials

affect the microstructure of cement composite is by affecting the hydration

process and porosity of the cement matrix. For instance, it has been reported

that CNTs can increase the hydration rate [129]. Stynoski et al. [130]
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Table 5.1 Enhancement of CNTs to mechanical properties of cementitious materials.

Mechanical properties
Enhancement in
properties (%)

Concentration (wt%)

ReferenceCNTs CNFs

Tensile strength 34.28 0.3 – [92]

19 0.5 – [115]

22–26 – 0.2 [116]

Compressive strength 19 0.5 – [74]

70 0.05 – [117]

11.03 0.02 – [112]

50 0.045–0.15 – [42]

29.5 0.2 – [118]

25 0.5 – [73]

22 0.1 – [119]

30 0.15 – [120]

10–20 0.5 – [121]

42.7 – 0.16 [122]

300 – 0.4 [123]

Flexural strength 25 0.048–0.08 [74]

35.4 0.2 [118]

43.7 0.75 [124]

34 0.5 [121]

11.2 0.004 [112]

82 – 0.2 [63]

46 – 0.04 [55]

Young’s modulus 227 0.048–0.08 [125]

50 0.048–0.08 [44]

68 1 [126]

Fig. 5.15 CNTs act as crack-bridging [38].
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showed that adding 0.05% MWCNTs (diameter 20–40nm and length

0.5–40μm), by volume, to cement caused the cement paste to reach its peak

heat flow 3% sooner than the control mixture (Fig. 5.16).

Stynoski et al. [130] studied the effect of adding MWCNTs (diameter

20–50nm and length 10–30μm) in the substitution level of 0.25%, 0.5%,

and 1% by weight, to cement pastes on the hydration process of cement

composite. They disclosed that in the first 3h, no obvious change to the

hydration process of cement was observed. However, after 3h, the first

changes to the hydration process were observed, indicating that CNTs have

increased the hydration rate. Peyvandi et al. [131] reported that (dCOOH)

covalence-modified CNFs formed a strong bond with Ca2+ ions in cement

hydrates and improved interfacial interactions which consequently increased

the mechanical properties of cement composite (Fig. 5.17).
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Fig. 5.16 The hydrothermal curve of cement-based composites with different CNTs
dosage [130].

Fig. 5.17 Bonding between modified CNFs with cementitious material [131].
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Additionally, CNTs and CNFs have shown to be capable of reducing

porosity in the cement matrix by filling the gaps between the hydration

products such as CdSdH gel and ettringite, which leads to the formation

of denser microstructure [109]. Bharj et al. [119] showed that adding CNTs

could improve the compressive and tensile strength by more than 30% by

filling the pore in the range of 10–100nm [77]. Manzur et al. [132] revealed

that the size of CNTs is an influencing factor on the mechanical and micro-

structure properties of cement composite. They reported that more

enhanced mechanical properties could be achieved by using finer scale

CNTs due to higher efficiently of small-scale CNTs in filing pores in the

cement matrix.

Playing a role as nucleating agents for hydration gels: It has been reported that

CNTs and CNFs can act as a nucleating agent during the hardening process

of cement [133]. The nucleation effect enhances the crystallinity of binding

material, which in turn affects the flexural and compression strengths of

cement composites [38]. Nucleation effect can improve the mechanical

properties of cement composite through two mechanisms: 1—providing

sites for the process of cement hydration which leads to generation of denser

and stronger microstructure (Fig. 5.18), and 2—improving the bonding

between CNTs and cement matrix by increasing the effective contact area

between CNTs and the cement matrix [64].

5.4.4 Durability
The durability of cement-based materials is of great importance as it relates

to the service life of buildings and structures. The porosity and pore char-

acteristics of the cement matrix have been shown to have a significant influ-

ence on the durability of cement-basedmaterials. In recent years, researchers

have put considerable effort into using CNTs and CNFs to improve the

durability of cement-based materials. It has been shown that CNTs and

CNFs can improve the durability of cement-based materials by reducing

the porosity and improving the pore structure of cement-based materials

[38]. Additionally, CNTs and CNFs can improve the microstructure of

the cement matrix, which, in turn, reduces the permeability of cement-

based materials [38].

5.4.4.1 Freeze-thaw resistance
The effects of CNTs and CNFs on the freeze-thaw resistance of cement-

based materials have been widely studied by researchers. Li et al. [135] stud-

ied the effect of adding carboxyl MWCNTs (diameter 10–20nm and length
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10–30μm) in the substitution level of 0.3% by weight, to mortars on the

freeze–thaw resistance of cement composite. In their study, they exposed

specimens to different cycles of freeze at �20°C and thaw in the water at

20°C at 28days ages. They showed that after 30, 60, and 90cycles of

freeze-thaw, the specimen containing carboxyl MWCNTs had 26%,

40%, and 43% higher compressive strength than the control mixture. Cwir-

zen et al. [136] compared the effect of adding CNTs and CNFs in the sub-

stitution level of 0%–2.9% by weight, to cement on the freeze-thaw

resistance of cement composite. CNTs were dispersed by using the surfac-

tant and sonication method, while CNFs were directly added and mixed.

CNFs were shown to be more effective than CNTs in improving the

freeze-thaw resistance of mixtures.

5.4.4.2 Porosity, water absorption, and permeability
Hu et al. [137] investigated the effect of adding common CNTs and CNTs

with a carboxyl group (CNTs-COOH) (diameter 10–20nm and length

Fig. 5.18 TEM images of CNTs within the hardened cementitious composites [134].
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10–30μm) in substitution level of 0.1% by weight of cement pastes on the

porosity of cement composite. In this study, the combination of surfactant

and sonication methods was employed to disperse CNTs. It was shown that

the porosity was increased by 14.7% when using common CNTs while the

porosity was decreased by 27.5% when using CNTs-COOH. Wang et al.

[114] reported that using 0.12% MWCNTs (diameter 20–40nm and length

5–15μm) by weight to cement pastes led to approximately 3.25% reduction

in the porosity. They used a surfactant-ultrasonic method with Arabic gum

to disperse CNTs. Li et al. [135] revealed that utilizing carboxyl CNTs

(diameter 10–20nm and length 10–30μm) in substitution level of 0.3%,

by weight of cement, could refine pores with a diameter bigger than

200nm to 50–100nm and improve the disconnected pores.

Madhavi et al. [138] investigated the effect of adding CNTs (diameter

20–40nm and length 1–10μm), in substitution level of 0.015%, 0.03%,

and 0.045%, by weight of cement, on the water absorption of cement com-

posite. The surfactant and sonication methods were used to disperse CNTs.

They disclosed that adding 0.015%, 0.03%, and 0.045% CNTs resulted in

10.22%, 14.41%, and 17.76% reduction of water absorption, respectively.

Han et al. [139] reported that adding 0.2% carboxyl CNTs (diameter<8nm

and length 10–30μm) by weight of cement led to a reduction in water

absorption, water sorptivity, water permeability, and gas permeability of

cement composite. They disclosed that this reduction was due to the mod-

ification of porosity.

5.4.4.3 Chloride ingress
Corrosion of rebars has been recognized as one of the most critical durability

problems associated with reinforced concrete components that may be sub-

jected to chloride environment. Accordingly, evaluating the permeability of

concrete mixtures in a chloride environment can be highly beneficial. In this

regard, Alafogianni et al. [140] investigated the effect of CNTs on the chlo-

ride ion permeation in the cement composite. They showed that CNTs did

not have a significant effect on the resistance against the permeation of chlo-

ride ion in cement composite.

However, Wang et al. [141] comprehensively studied the effect of add-

ing hydroxyl carbon nanotubes (CNTs-OH) and polyvinyl alcohol (PVA)

on the corrosion of steel rebar embedded in the cement composite. CNTs-

OH and PVA were used in the substitution level of 0.5% and 1% by weight

of cement. They reported that utilizing CNTs-OH and PVA let to 29.9%

and 83.2% reduction in the total porosity, respectively. Furthermore, as
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shown in Fig. 5.19, both CNTs-OH and PVA reduced the corrosion of

embedded rebar (Fig. 5.19B and C). They showed that the integrated usage

of CNTs-OH and PVA had the best performance and could reduce the cor-

rosion level of embedded rebar by 94%. The reason for the higher efficiency

of integrated using of CNTs-OH and PVA was reported to be the better

dispersion of CNTs in PVA, pore-filling capability of both CNTs-OH

and PVA, and restriction on the transportation of free ions.

Lee et al. [142] studied the combined effect of CNTs and nanosilica

on the durability characteristic of cement mortars. In this study, 1% NS

was used along with CNTs in the substation level of 0.01%–0.07% by

weight of cement. They reported that the combined usage of NS and

CNTs was effective in reducing the chloride ion penetration, as shown

in Table 5.2.

Fig. 5.19 Distribution of rust in the splitting concrete (A) PCC, (B) CNT0.5, (C) PVA1.0,
and (D) CNT0.5/PVA1.0) [142].
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5.4.5 Multifunctionality
5.4.5.1 Electrical and sensing properties
CNTs and CNFs have shown to have proper electrical conductivity. There-

fore, using CNTs and CNFs in cement-based materials in order to enhance

electrical conductivity has gained considerable attention from researchers.

Kim et al. [80] investigated the effect of silica fume and CNTs on the

electrical properties of cement composite. In their study, they used a differ-

ent combination of CNTs, silica fume, and superplasticizer (C-CNT:

cement and CNTs, F-CNT: cement, CNTs and silica fume, P-CNT:

cement, CNTs and superplasticizer, PF-CNT: cement, CNTs, superplasti-

cizer and silica fume). As it is clear from Fig. 5.20, using CNTs resulted in a

reduction in electrical resistivity of cement composite. Additionally, the

combination of CNTS with silica fume showed the best performance in

Table 5.2 Rapid chloride ion penetration resistance of various mortars [143].

Systems Charge passed (C) Chloride ion penetration

Control 2577 Moderate

M1 1333 Low

M2 650 Very low

M3 457 Very low

M4 575 Very low

M5 679 Very low

M1OPC+1%NS-M2OPC+1%NS+0.01% CNT-M3OPC+1%NS+0.03% CNT-M4OPC+1%
NS+0.05% CNT-M5 OPC+1% NS+0.07% CNT.

Fig. 5.20 Electrical resistivity of cementitious composites incorporating CNT at 3, 7, 14,
and 28days of curing [80].
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reducing electrical resistivity. They reported that utilizing SF could refine the

pore size and fill the pores in the cement matrix. As shown in Fig. 5.21, silica

fume replaced the entrapped air, and due to the higher electrical conduc-

tivity of SF than air, the overall electrical resistivity of the mixtures

decreased.

Luo et al. [143] reported that the electrical resistivity of cement compos-

ite was decreased by 99.8% when using CNTs in the substitution level of 2%

by weight of cement. Lou et al. [144] studied the variation in resistivity

under the loaded stress (piezoresistive effect) in cement composite incorpo-

rating CNTs. They revealed that the piezoresistive effect provides cement-

based materials with the benefit of being able to act as a sensor for perceiving

the internal stress, strain, and damaged extent.

Cha et al. [145] reported that using functionalized CNTs could increase

the piezoresistive sensitivity of cement by 150%. Li et al. [62] studied the

effect of CNTs treated with acids (H2SO4 and HNO3) and neat CNTs

on the sensitivity of cement-based composites and reported that acid treat-

ment could improve sensitivity (Fig. 5.22).

5.4.5.2 Thermal conductivity
Besides proper electrical conductivity, CNFs and CNTs possess proper ther-

mal conductivity owing to their unique structural skeleton. Li et al. [146]

reported that adding CNTs in the substitution level of 3%, by weight, to

cement could significantly improve the thermal conductivity and heat-

storage performance of cement-based materials. In a similar study, Han

et al. [147] investigated the effect of CNTs, CNFs, and phase change mate-

rials (PCMs) on the thermal performance of cement-based materials. The

obtained results indicated that better insulation performance could be

achieved by using CNTs and CNFs.

Fig. 5.21 The improved continuity of CNT particles by the addition of silica fume [80].
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Xu et al. [148] revealed that adding CNTs to PCM-doped concrete had

a slight effect on the thermal stability and chemical compatibility. However,

they reported that CNTs significantly improved the thermal storage perfor-

mance of PCM-doped concrete. Qin et al. [115] reported that incorporating

high content of CNTs and CNFs enhanced the temperature sensitivity of

cement-based materials.

5.4.5.3 Wave-absorbing performance
Singh et al. [57] studied the effect of adding CNTs (diameter 60nm and

length 15μm) in different substitution levels to cement on the electromag-

netic shielding properties of cement composite. The results indicated that in

the substitution level of 15% shielding effectiveness values, more than 27dB

in X-band (8.2–12.4GHz) could be achieved. Zhao et al. [149] disclosed

that CNTs have the capability of wave-absorbing and revealed that the

CNT’s wave-absorbing performance improved by increasing the content

of CNTs. Wang et al. [150] disclosed that CNTs have the ability to convert

electromagnetic energy into heat energy and reported that improved wave-

absorbing performance could be achieved by increasing CNTs’ content.

Micheli et al. [151] investigated the effect of adding CNTs (diameter

Fig. 5.22 The fractional change in resistivity versus time under cyclic compressive
loading (0–15 kN) [62].
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9.5nm and length 1.5μm) in the substitution level of 0.2% and 0.3% by

weight to cement paste. The results indicated that adding CNTs could

enhance shielding effectiveness and could attenuate the electromagnetic

field. They showed that for a 15-cm thick wall containing 3%CNTs, shield-

ing effectiveness values above 50dB could be achieved.

5.5 Conclusions

The use of 1D nanomaterials in cementitious materials has been extensively

studied in the laboratory in terms of their effect on fresh and hardened prop-

erties. The addition of 1D nanoparticles in paste, mortar, and concrete is a

good way to enhance their properties and develop high-performance

cementitious composites.
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influence of multi-walled carbon nanotubes additive on properties of non-autoclaved
and autoclaved aerated concretes, Constr. Build. Mater. 49 (2013) 527–535.

[113] B. Zou, S.J. Chen, A.H. Korayem, F. Collins, C.M. Wang, W.H. Duan, Effect of
ultrasonication energy on engineering properties of carbon nanotube reinforced
cement pastes, Carbon 85 (2015) 212–220.

[114] B. Wang, Y. Han, S. Liu, Effect of highly dispersed carbon nanotubes on the flexural
toughness of cement-based composites, Constr. Build. Mater. 46 (2013) 8–12.

124 Nanotechnology for civil infrastructure

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



[115] A.M. Hunashyal, S.V. Tippa, S.S. Quadri, N.R. Banapurmath, Experimental investi-
gation on effect of carbon nanotubes and carbon fibres on the behavior of plain cement
mortar composite round bars under direct tension, ISRN Nanotechnol. 2011 (2011).

[116] C. Gay, F. Sanchez, Performance of carbon nanofiber–cement composites with a
high-range water reducer, Transp. Res. Rec. 2142 (1) (2010) 109–113.

[117] G. Yakovlev, J. Kerien _e, A. Gailius, I. Girnien _e, Cement based foam concrete rein-
forced by carbon nanotubes, Mater. Sci. 12 (2) (2006) 147–151.

[118] J.L. Luo, Fabrication and Functional Properties of Multi-Walled Carbon Nanotube/
Cement Composites, Harbin Institute of Technology, Harbin, China, 2009. Disser-
tation for the Doctoral Degree in Engineering.

[119] J. Bharj, Experimental study on compressive strength of cement-CNT composite
paste, Indian J. Pure Appl. Phys. 52 (1) (2015) 35–38.

[120] H.K. Kim, I.W. Nam, H.K. Lee, Enhanced effect of carbon nanotube on mechanical
and electrical properties of cement composites by incorporation of silica fume, Com-
pos. Struct. 107 (2014) 60–69.

[121] S. Musso, J.M. Tulliani, G. Ferro, A. Tagliaferro, Influence of carbon nanotubes struc-
ture on the mechanical behavior of cement composites, Compos. Sci. Technol.
69 (11–12) (2009) 1985–1990.

[122] D. Gao, M. Sturm, Y.L. Mo, Electrical resistance of carbon-nanofiber concrete, Smart
Mater. Struct. 18 (9) (2009), 095039.

[123] L.I. Nasibulina, I.V. Anoshkin, A.V. Semencha, O.V. Tolochko, J.E. Malm, M.J.
Karppinen, et al., Carbon nanofiber/clinker hybrid material as a highly efficient mod-
ificator of mortar mechanical properties, Mater. Phys. Mech. 13 (1) (2012) 77–84.

[124] A.M. Hunashyal, G.V. Sundeep, S.S. Quadri, N.R. Banapurmath, Experimental
investigations to study the effect of carbon nanotubes reinforced in cement-based
matrix composite beams, Proc. Inst. Mech. Eng., Part N 225 (1) (2011) 17–22.

[125] Y. Saez de Ibarra, J.J. Gaitero, E. Erkizia, I. Campillo, Atomic force microscopy and
nanoindentation of cement pastes with nanotube dispersions, Phys. Status Solidi A 203
(6) (2006) 1076–1081.

[126] A. Yazdanbakhsh, Production, Characterization, and Mechanical Behavior of
Cementitious Materials Incorporating carbon Nanofibers, Dissertation for the Doc-
toral Degree in Civil Engineering, Texas A&M University, Texas, America, 2013.
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CHAPTER 6

Design, performance,
and mechanism of cement-based
materials with 2D nanomaterials
Wu-Jian Long
Guangdong Provincial Key Laboratory of Durability for Marine Civil Engineering, Shenzhen Durability
Centre for Civil Engineering, College of Civil and Transportation Engineering, Shenzhen University,
Shenzhen, Guangdong, PR China

6.1 Introduction

Numerous researchers have investigated the effect of nanoadditives (such as

0D nanoparticles and 1D carbon nanotubes, as discussed in previous chap-

ters) on the microstructure and characteristics of cementitious composites

during the last two decades. However, due to the low aspect ratio, 0D nano-

materials such as different nanoparticles are unable to restrain micro-cracks

derived from nano-sized cracks, and hence are unable to improve the

’efficiency of reinforcement [1–5]. The 1D nanomaterials such as carbon

nanotubes have strong Van der Waal interactions with the hydration prod-

ucts, but they tend to form agglomerates in the cement matrix [3,6–9]. It is
graphene and its derivatives (mainly graphene oxide, GO, and reduced

graphene oxide, rGO), which are 2D nanomaterials with a largest portfolio

of outstanding characteristics, are gaining more interest for the next gener-

ation of cement technologies [10–17]. The 2D nanomaterials are not only

similar to 1D nanomaterials in its attractive forces, but comprised sp2

(hybridization involved the intermixing of one “s” with two “p” orbitals)

bonded carbon atoms which bestow graphene with excellent mechanical

properties [12]. Graphene-based nanomaterials exhibit potential to not only

enhance mechanical strength and durability of cement-based construction

materials but also provide smart functionalities duo to their remarkable elec-

trical properties [18,19]. In this chapter, a comprehensive review on research

progress of design, performance, and mechanism of cement-based materials

with 2D nanomaterials, mainly graphene nanosheets and their derivatives, is

conducted.
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6.2 Physical and chemical properties of 2D nanomaterials

Graphene is the fundamental structural unit for graphitic materials of any

dimension. It is made out of a single-layer carbon atom sheet packed tightly

into a two-dimensional honeycomb structure [11]. It can be rolled into 1D

nanotubes, wrapped into 0D fullerenes, or stacked into 3D graphite [10], as

shown in Fig. 6.1. GO, reduced graphene oxide (rGO), and graphene nano-

platelets (GNPs) are commonly used 2D graphene-based nanosheets to

enhance cement-based materials. They can be fabricated using a variety

of techniques, including epitaxial growth, ultrasonic exfoliations of graphite,

chemical vapor deposition, and so on [20–23]. Over the last few years, sig-

nificant progress has also been achieved in the manufacture of graphene and

related materials by improving the quantity and quality, also via the tailoring

of their properties [24,25].

Among all the different forms of graphene-based 2D nanomaterials, GO

received the most attention in making novel cementitious composites. It

consists of monolayer sheets with a hexagonal carbon network, but has

hydroxyl, epoxide, carboxyl, and carbonyl functional groups on its surface

and thus exhibits higher reactivity with cement and better dispersion in the

matrix [26]. Compared to GO, rGO has less functional groups on its surface,

which gives it intermediate properties between GO and graphene. GNPs

Fig. 6.1 Graphene is fundamental building block for graphitic materials, can be
wrapped up into 0D fullerenes, rolled into 1D nanotubes or stacked into 3D graphite
[10].

128 Nanotechnology for civil infrastructure

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



comprised layers of graphene sheets with thickness<100nm and diameter

of several micrometers. Due to its increased thickness, GNPs are a cheaper

alternative to graphene and therefore the preferred form for large-scale

structural composites [27,28]. However, its smaller specific surface area

compared to single graphene sheets decreases its reinforcement efficiency.

The chemical representation of graphene and its derivatives are shown in

Fig. 6.2.

In general, 2D graphene-based nanosheets have larger specific surface

area, excellent elastic and tensile strength, high electrical, and thermal con-

ductivity due to their unique physical and chemical properties. Most of the

remarkable physicochemical properties of graphene and its derivatives arise

from its 2D microstructure, which is comprised by adjacent carbon atoms

linked by alternating single and double covalent bonds. This unique micro-

structure makes graphene the strongest, hardest, most impermeable, most

stretchable material ever found [30]. In addition, graphene is chemically

inert, presents excellent thermal conductivity and unique electrical and opti-

cal properties [31]. More importantly, they are easier to produce in large

quantities with fully reproducible properties and easily dispersed in the

cement matrix, which makes it attractive for various applications in con-

struction materials [13].

Fig. 6.2 Chemical representation of graphene and its derivatives [29].
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6.3 Dispersion of 2D nanomaterials in cement-based
materials

Existing research has shown that adding a modest amount of nanomaterials

to cement-based materials can significantly improve their mechanical and

microstructure properties [32–35]. An excessive amount of nanomaterials,

on the other hand, does not always imply superior performance. The exces-

sive use of nanomaterials in cement matrix induces non-uniform dispersion

of the nanomaterials, high water consumption, and agglomeration due to

their large specific surface area and high surface energy, especially 2D nano-

materials such as graphene-based nanosheet [4,36–38]. When 2D nanoma-

terials are non-uniformly dispersed in the cement matrix, their sizes may not

be as close to those of the calcium silicate hydrate (C-S-H) gel, and thus the

cement matrix at the nanoscale may not be enhanced [39]. Larger voids,

weaker interfacial zones, and concentrated stresses in the cement matrix

may all be the negative consequences of agglomerates [40–43].
Long et al. [44] investigated the effect of different two states of GO,

namely uniformly dispersed, and re-agglomerated, on properties of cement

paste. Two distinct dispersion states were achieved by altering the mixing

sequence. The experimental results showed that the yield stress and plastic

viscosity increased with the uniformly dispersed GOwhen compared to those

of re-agglomerated GO cement paste. Moreover, the 3-day compressive and

flexural strengths of uniformly dispersed GO paste were 8% and 27%, respec-

tively, higher than those of re-agglomerated GO pastes. The results of X-ray

diffraction, Fourier transform infrared spectroscopy, and scanning electron

microscopy (SEM) analyses demonstrated that uniformly dispersed GOmore

effectively promotes the formation of hydration products in hardened cement

paste. Furthermore, a porosity analysis using mercury intrusion porosimetry

revealed that the homogeneous dispersion of GO can better inhibit the

formation of large-size pores and optimize the pore size distribution at three

and 7 days than the re-agglomerated GO. Thus, the uniform dispersion and

distribution of 2D nanomaterials is crucial for the enhancements inmechanical

and microstructural performance of cement composites.

At present, the uniform dispersion of 2D nanomaterials in cement-based

materials is commonly achieved by combined physical and chemical methods.

The physical dispersion methods include ultrasonication, ball milling, and

high shear mill [43]. The chemical dispersion methods usually use surfactants

for surface activation, such as polycarboxylate-based high-range water reducer

(P-HRWR) and naphthalene-based high range water reducer (N-HRWR)

[8,45,46].Most studies focus on the dispersion of 2Dnanomaterials in aqueous
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solutions [41,47,48]. However, a homogeneous dispersion of 2D nanomater-

ials in aqueous solutions may not be a guarantee of a uniform dispersion in

cement pastes [43,49]. Due to the complex electrolyte, the dispersion and sta-

bility of 2D nanomaterials in the pore solution of cement matrix can be very

different from those in aqueous solutions.

Vallurupalli et al. [50] found that the degree of dispersion of the GO in

water improved with the use of and increase in sonication time. Amaximum

dispersion occurred by using an optimum dosage of HRWR corresponding

to four times the mass of GO coupled with sufficient sonication for

48–56min. Zhao et al. [51] studied the different dispersion behavior of

GO in Ca(OH)2, CaCl2, and NaOH solutions. Their results showed that

the prime factor responsible for the immediate aggregation of GO in cement

paste is the complexation of Ca2+, rather than the deoxygenation of GO in

the alkaline environment.

Yan et al. [52] compared six different kinds of superplasticizers to opti-

mize the dispersion of GO and found that polycarboxylate superplasticizer

exhibits the best dispersibility with the optimal parameters found to be 30%

ultrasonication energy with a SP-to-GO ratio of 1:1. In addition, polycar-

boxylate superplasticizer is capable of keeping dispersed GO separated even

in strong alkaline environment. Lin et al. [53] modified GO using a tetra-

ethyl orthosilicate (TEOS) to synthesize thin hybrid GO-SiO2 nanohybrids

(GOS). Their results demonstrated that GOS had significantly longer disper-

sion stability than GO. The authors proposed that the formation of a thin

silica coating on GOS prevented cross-linking between Ca2+ ions from

solution and carboxylate groups from GO. The thin silica coating also func-

tioned as a spacer and minimized agglomeration caused by van der Waals

forces. Compared to batches with GO, GOS nanohybrids provided addi-

tional 26% and 22% enhancement of compressive strength and 21% and

31% enhancement of tensile strength at 7 and 28days, respectively.

Long et al. [54] also studied the effects of three different dispersing agents,

including polycarboxylate-based high-range water reducer (P-HRWR),

naphthalene-based high-range water reducer (N-HRWR), and

air-entraining agent (AEA) on the dispersion of GO in aqueous solution,

simulated concrete pore solution, and suspension of cement pastes. The

results showed that the dispersion effect of GO in aqueous solutions was

improved with different dispersing agents. As the cement content and pH

of aqueous solutions increased, GO re-agglomerated and precipitated in

an alkaline solution. The authors proposed a mechanism, as shown in

Fig. 6.3, that electrostatic interactions and steric hindrance provided by
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the P-HRWR further made GO stable in aqueous solutions. The ions and

pH of cement pastes increased with the increasing amount of cement, which

caused the separation of P-HRWR from GO. Therefore, GOs were re-

agglomerated and absorbed on the surface of the cement particles, resulting

in GO sedimentation.

In summary, the aggregation of GO occurs immediately when GO is

introduced in cement paste due to the cross-linking effects of Ca2+. The

GO aggregates are not stable under high-shear mixing. They can be

separated into small pieces mechanically. The use of polycarboxylate

superplasticizer seems to be an effective method to disperse GO in cement

pore solution. Close attention should be paid to the required dosage of

polycarboxylate superplasticizer and the adding sequence of polycarboxylate

superplasticizer, GO, and cement. It is imperative to develop new kinds of

surfactants compatible with cement to disperse GOmore effectively. More-

over, the deoxygenation process of GO with the presence of dispersing

agents needs to be further investigated.

Uniform GO dispersion

Aqueous Environment Cement Environment Cement Environment

pH>119<pH<11

Cement particleGO P-HRWR molecule

Re-agglomeration and sedimentation of GO suspension
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Fig. 6.3 Schematic representation of the mechanisms of destabilization of GO
dispersion in (A) aqueous solution; (B) cement paste 9<pH<11; and (C) cement
paste pH>11 for the P-HRWR, adopted from [54].
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6.4 Performance of 2D nanomaterials in cement
composites

6.4.1 Workability
The negative impact on the workability (rheological behavior), a critical

property of fresh cement mixtures, is another key challenge of incorporating

graphene-based nanosheets to cement composites [24]. For example, Qur-

eshi et al. [55] assessed the workability of cement composites with GO or

rGO using a mini-slump test. The slump diameters resulted in mini-slump

test are presented in Fig. 6.4. Both the static and dynamic flow diameters

were reduced approximately 29% and 16%, respectively, in the 0.06%

GO composite, compared to the control mixtures (0% GO or rGO). The

flow diameter decreased with the increasing content of GO, which indicates

that the loss of workability is proportional to the percentage of GO in the

composite paste. This is due to the hydrophilic high specific surface area and

high interlayer distance (0.87nm) of GO nanomaterials 2D plane, which

requires extra water to wet their surface. The static and dynamic flow diam-

eters in the rGO composites increased approximately 95% and 24%, respec-

tively, compared to control mixture. A HRWA was used in the rGO

solution for an efficient dispersion, which improved the workability simi-

larly in all the rGO composites. Also, the rGO has a minimum impact on

the workability of the composites. The rGO does not extract extra water

from the composite since the rGO is almost hydrophobic with a low inter-

layer distance (0.36nm).

Fig. 6.4 Static and dynamic flow diameter in the mini-slump test [55].
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Pan et al. [1] observed that the addition of 0.05% wc (weight of cement)

of GO sheets can lead to a reduction of the workability by about 42% of

cement pastes with w/c of 0.5, whereas Li et al. [56] and Shang et al.

[37] observed, for the same GO content, a reduction of 25% for pastes with

w/c of 0.4. Substantial reduction in fluidity was also observed for the

GO-AAS (alkali-activated slag) mortars. Pan et al. [1] attributed the reduc-

tion in workability to the large surface area and hydrophilicity of GO

nanosheets, which can absorb some of the free water in the fresh mixtures

to wet their surface [57,58]. However, Shang et al. [37] later demonstrated

that the negative effect of GO on the workability of cement paste is mostly

due to the flocculation between the GO and cement grains by electrostatic

interactions, which entraps large amount of free water. Similarly,Wang et al.

[59] proposed that GOs are adsorbed onto the cement grains’ surface and,

due to the van der Waals attraction of the nanosheets, the cement particles

can attach to each other, thus decreasing the fluidity of the mixture. In addi-

tion, the reaction between the –COOH groups in GO and metal ions in the

hydration product occurs during absorption, producing –COO�. This can
result in chemical cross-linking of GO nanosheets and the formation of GO

agglomerates, which subsequently reduces free water and the workability of

cement paste due to their high water entrapment capacity [60,61].

To offset the negative effects of the GO on the workability of cement

pastes, different approaches have been recently proposed. Wang et al.

[62] proposed the use of fly ash in the GO-cement system. Based on the

quantitative analysis of the paste’s rheological parameters, the authors sug-

gested amechanism governing the positive influence of fly ash on the fluidity

of the GO-cement paste. As shown in Fig. 6.5, the authors proposed that fly

ash can interrupt the flocculation configurations of GO-cement paste,

release the entrapped water and as result increase the mixture fluidity.

The spherical shape, size gradation, and lower water requirement of the

fly ash were considered as possible factors contributing to this phenomenon.

Shang et al. [37] demonstrated that GO-encapsulated silica fume (GOSF)

renders the cement paste a higher fluidity compared with cement pastes with

only silica fume. This behavior was attributed to the synergetic effect of the

surface activity of GO and the shape effect of silica fume. More recently,

Wang et al. [63] observed that polyether amine functionalized-GO can

increase the slump flow of cement pastes. The improvement in fluidity

was attributed to the steric hindrance of the hydrophilic polyether amine

chains.
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6.4.2 Mechanical properties
6.4.2.1 Static mechanical properties
The influence of 2D graphene-based nanomaterials on static mechanical

properties of cement composites is presented in Table 6.1. It is clearly shown

from the table that 2D nanomaterials can enhance both the compressive and

flexural strength of cement composites significantly, with relatively small

amount of addition. The outstanding reinforcement by adding GO is due

to the possible promoted cement hydration, refined capillary pore structure,

and reduced air void volume [71,82]. Although, it can also be seen from

Table 6.1 that significant differences of the test results exist, even with almost

the same mix design (same GO content and same w/b). The reinforcement

efficiency is determined by many influencing factors including, the water/

binder ratio, curing age, cement type, as well as dispersion, size, type, and

content of nanomaterials. The mechanisms of GO reinforcement in

cement-based materials have not been clearly figured out, to explain the

conflicting data.

Duan et al. [1] proposed that the GO reinforcement is mainly attribute to

the strong interfacial adhesion between GO and cement matrix, as shown in

Fig. 6.6. They described a toughening mechanism for these composites sim-

ilar to that reported earlier for graphene ceramic composites and

GO-reinforced epoxy polymers. Unlike the plain matrix in which cracks

usually traverse in a straight-through manner, in a graphene-cement

Fig. 6.5 Effect of GO and fly ash on formation of (A) cement paste, (B) GO-cement paste,
(C) fly ash-GO-cement [62].
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Table 6.1 Static mechanical performance of nano-reinforced cement-based materials.

Matrix

Type/
Content
(wt%)

Water/
Binder

Compressive
strength
improvement
(%)/age

Flexural
strength
improvement
(%)/age References

Paste GO/0.02 0.3 60.1/28d 84.5/28d [64]

Paste GO/0.02 0.3 13.0/28d 41.0/28d [65]

Paste GO/0.03 0.29 42.5/28d 55.0/28d [62]

Paste GO/0.03 0.33 18.8/28d 56.6/28d [66]

Paste GO/0.04 0.3 28.6/28d 43.2/28d [67]

Paste GO/0.04 0.4 46.6/28d 14.2/28d [68]

Paste GO/0.05 0.29 52.4/3d 90.5/28d [69]

Paste GO/0.05 0.29 66.4/7d 69.4/7d [70]

Paste GO/0.05 0.5 59.0/28d 33.0/28d [1]

Paste GO/0.2 0.5 21/28d 26/28d [71]

Mortar GO/0.02 0.5 20/28d 32/28d [72]

Mortar GO/0.022 0.42 27/28d 26/28d [46]

Mortar GO/0.022 0.4 34.1/28d 33/28d [73]

Mortar GO/0.03 0.4 38.9/28d 60.7/28d [74]

Mortar GO/0.05 0.37 24.4/28d 70.5/28d [69]

Mortar GO/0.1 0.485 37.5/28d 77.7/28d [75]

Mortar GO/0.5 0.3 126.6/28d [76]

Mortar GO/1 0.45 86/28d [77]

Concrete GO/0.1 0.5 14.2/7d 4.0/3d [78]

Paste rGO/0.02 0.32 22.0/28d 70.0/7d [79]

Paste rGO/0.06 0.45 15/28d 33.7/28d [80]

Paste GNPs/0.05 0.35 24/28d 8/28d [81]

UHPC GNPs/0.3 0.2 59/28d [27]

UHPC GO/0.01 0.2 7.8/28d 11.9/28d [48]

Fig. 6.6 Schematic of reaction between carboxylic acid groups and hydration
productions (Ca(OH)2 and C-S-H) of cement [1].

136 Nanotechnology for civil infrastructure

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



composite, cracks are arrested and cannot pass through the graphene sheets.

GO sheets can block and divert the in-plane propagation of micro cracks.

Sharma et al. [77] studied the effect of size of GO nanosheets on mechan-

ical properties of cement nanocomposites. It was found that the structural

and mechanical properties of the composites are strongly dependent on

the size of the incorporated GO sheets. For example, composites prepared

using larger GO sheets (14nm thick and 900nm average size) improved the

compressive strength by a maximum of 63%, while the same loading ratio of

smaller and thinner GO nanosheets (3nm thick and 100nm average size)

formed superior crystalline structures with a maximum strength improve-

ment of 86%. Another study by Abrishami and Zahabi [83] demonstrated

that incorporation of amine functional groups on GO exhibited positive

effects on its reinforcing efficiency. Addition of NH2-GO further reduced

the porosity and improved the compressive and flexural strengths of mortar

by 23% and 38%, respectively, compared to pure GO. Recently, graphene

and its derivatives have also been utilized to further increase the mechanical

strength of dense cement-based matrices, demonstrating the great potential

of employing graphene nanomaterials to produce ultra-high-performance

concrete (UHPC). For example, by increasing the content of GNPs

(2–10nm thick) by up to 0.3% wc, Meng and Khayat [27] found that the

tensile strength and energy absorption capacity of UHPC was increased

by 45% and 153%, respectively. Such improvement was attributed to a com-

bination of “bridging effect” and “filler effect” of the GNPs. In addition,

mixtures with high GNPs content presented a slip-hardening behavior at

the post-cracking zone. Another study showed that UHPC mixtures with

0.01% wc of GO had an increase in compressive strength from 117 to

127MPa and in flexural strength from 8.9 to 10.0MPa.

Qureshi et al. [29] examines and compares properties of cement paste

containing three forms of graphene-based 2D nanomaterials synthesized

from epigenetic graphite deposit, namely, GO, reduced graphene oxide

(rGO), and pristine GNPs (G). The 28-days compressive and flexural

strengths of graphene (GO, rGO, and G) cement composite improved by

28% and 81%, 30% and 84%, and 39% and 38%, respectively, compared

to the control mixture (cement paste without graphene materials).

6.4.2.2 Dynamic mechanical properties
Although cement-based materials are the most commonly used building

materials in the world, in some cases, they may fail to satisfy engineering

mechanical requirements due to the inherent brittleness, low tensile
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strength, and high probability of cracking. Moreover, most of the structural

materials are unable to reduce vibrations to a sufficiently low level (Particle

peak vibration�50mm/s), and the dynamic mechanical properties of the

traditional reinforced concrete structures are typically poor [84,85].

Cement-based materials modified with traditional chemical additives and

mineral admixtures can still exhibit relatively low storage modulus, chemical

stability, and durability. Hence, it is desirable to develop a novel cement

material characterized by superior energy dissipation capacities, high storage

modulus, and good seismic properties. 2D nanomaterials are promising in

enhancing the dynamic mechanical properties of cement-based materials.

Due to their good shear deformation properties (similar to those of rubber

and CNTs), the addition of graphene-based nanosheets in cement matrix

can result in a high value of loss factor (the ratio of the average power loss

to the peak load loss, during a specified period of time), while the stiff

cement matrix ensures a high storage modulus [86]. Long et al. [71] inves-

tigated the effect of GO nanosheets on the dynamic mechanical properties of

cement paste. The results of dynamic mechanical testing revealed that loss

factors of the pastes containing 0.05, 0.10, and 0.20wt% of GO were

improved by 31%, 58%, and 77%, respectively. Themaximum storage mod-

ulus of 52% was observed at a GO content of 0.1wt%. The authors con-

cluded that the increased dynamic mechanical properties of cement paste

with the addition of GO are due to the large internal surface area, moderate

porosity, and non-uniform stress distribution. The proposed mechanism is

illustrated in Fig. 6.7.

Fig. 6.7 Proposed mechanism for GO enhanced dynamic mechanical property of
cement paste [71].
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6.4.3 Hydration and microstructural characteristic
Several studies concluded that 2D nanomaterials, especially GO, have sig-

nificant effect on hydration and bonding of cement matrix, which leads to

the drastic improvement in macro and micro properties of the hardened

cement composite. However, there are still controversial about the expla-

nation. Lv et al. [24] proposed the template effect that GO was regarded as

a substrate and catalyst for flower-like crystals formation. It was suggested

that the process of hydration and formation of crystals were controlled by

the oxygen-containing groups (–COOH�, –OH�, –SO3
�) on the surface

of GO as these active groups would easily react with the active groups of

cement hydration products. The authors proposed that the GO would

preferentially absorb C3S, C2S, C3A, and C4AF due to its active functional

groups, resulting in the nucleation and growth of crystals on the GO sur-

face. The conclusion was then questioned by Cui et al. [87], who pro-

posed that the flower-like crystals may be calcium carbonate crystals

from carbonation during sample preparation, not cementitious hydration

products.

Lin et al. [88] proposed that GO can play the role of crystal nucleus for

cement hydration, which leads to the acceleration of the hydration of

cement. However, the authors stated that GO could absorb water pro-

moting the chemical reaction at the mid-stage of the hydration process.

Authors suggested that the acceleration of hydration was mainly due to

the oxygen containing function groups on GO, which would provide

platforms for water and cement to continue the crystal nucleation process,

so the hydration process can be further enhanced. However, Wang et al.

[59] argued that GO nanosheets would be absorbed on the cement sur-

face similar to the case of water reducing agent. Due to the Van der

Waal’s force, the layers of GO would evoke a negative influence on

the fluidity of cement. Wang et al. [66] also showed that the carboxyl

functional groups of GO can react with Portlandite (CH) to generate

3D network structure. Ghazizadeh [89] investigated the effect of GO

on the hydration of alite, and found that GO only accelerates the hydra-

tion of alite marginally, and can easily aggregate in alite paste. In fact, due

to heterogeneity of cement-based materials and various oxygen functional

groups, the chemical mechanism in GO cement-based composites still

remains unclear.

Long et al. [82] conducted a comprehensive characterization of the

microstructure and micromechanical properties of GO cement-based
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materials. The micro-mechanical properties of each phase hydrated

products with GO addition were investigated by the synergistic analysis

of nanoindentation, SEM equipped with energy-dispersive spectrometer

(EDS), and backscattered electrons (BSEs). The authors found that the

addition of GO obviously enhanced the elastic modulus and the com-

pressive and flexural strengths of hardened cement paste at 28days. Four

phases can be identified and quantified in the hardened cement paste

made with 0.5 w/c ratio using nanoindentation. The volume fraction

of loosed-packing calcium silicate hydrate phase (LP C-S-H) was signif-

icantly reduced with the addition of GO, while the volume fraction

of high-density calcium silicate hydrate phase (HD C-S-H) was

increased compared to ordinary Portland cement (OPC), this indicate

that GO had proportioning effect of hydrated product, as shown in

Fig. 6.8.

The authors also found that micrometer and sub-micrometer scaled

cracks were inhibited in hardened cement paste with the addition of GO.

The SEM-BSE results, as shown in Fig. 6.9, confirmed that the CH phase

was increased with the use of 0.1% GO addition, indicating that GO can

promote the cement hydration. The pore phase was also notably reduced

with the use of 0.1% GO addition. The combined use of nanoindentation

and SEM-BSE observation further identified the microstructure and micro-

mechanical properties of GO cement-based materials. The synergistic anal-

ysis of microstructure and micromechanical properties at multiscale provides

valuable information toward the material design of cement-based materials

with 2D nanomaterials.

Fig. 6.8 The modulus PDF of cement paste with different GO content at 0.5 w/c (A) OPC
at 28days and (B) with 0.1% GO addition at 28days [82].
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6.4.4 Durability
Cement-based materials are susceptible to various forms of deterioration,

including carbonation, chloride induced corrosion, sulfate attack, alkali

silica reaction (ASR), calcium leaching, freezing, and thawing cycles,

which can severely shorten their service life. Concrete structures exposed

to the aggressive agents are mainly governed by their pore structure and

permeability. According to a recent study, introducing a small amount of

nanomaterials can significantly improve the durability of concrete by opti-

mizing the pore structure and changing the transport properties of the

cement matrix. However, the number of studies is still limited, and more

in-depth research into the reinforcement mechanisms of the influence of

graphene-based nanosheet on long-term properties of concrete is

required.

Fig. 6.9 Microstructure under (A) SEM-BSE and (B) EDS spots of hardened cement
containing 0.1% GO addition, the fractions of carbon atom of the bright region were
higher [82].
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6.4.4.1 Carbonation
Carbonation of cement-basedmaterials is a serious problem and considered a

neutralization phenomenon inside hardened cement-based materials. The

process of carbonation involves the reaction between the carbon dioxide

and calcium-containing phases, which reduces the pH of the pore solution,

thus leading to de-passivation of reinforcing bars and corrosion in the pres-

ence of moisture and oxygen [90]. Among various nanomaterials, GO and

GNPs represent unique 2D nanomaterials with a sheet-like structure that

can effectively improve the strength and durability of cement-based mate-

rials and ensure a relatively large contact area with the host matrix. Further-

more, the carboxylic functional groups of GO can form strong covalent

bonds between the GO and C-S-H or CH. Long et al. [91] studied the car-

bonation mechanism of cement paste containing GO. The obtained electro-

chemical impedance spectroscopy (EIS) results indicated that the ion

diffusion and transport resistance increased after the incorporation of GO,

while TGA results revealed that the carbonation of portlandite (CH) and

calcium-silicate-hydrate (C-S-H) was significantly inhibited during early

ages of carbonation due to the increased degree of hydration, as shown in

Fig. 6.10.

In addition, the hybrid GO/hydration products from the carbonation

process were characterized, and the formation of a hydrated phase coated

with a carbonated layer was observed via SEM equipped with EDS. The

porosity of the OPC decreased more significantly during the initial carbon-

ation period as compared to the effect observed for the GO cement-based

material. A hypothesis is proposed to explain the carbonation mechanism of

cement paste with GO. Initially, CO2 dissolution occurs inside the pores,

which are around the face exposed to gaseous CO2. In this stage, the diffu-

sion and transport of CO3
� ions are significantly hindered, mainly due to the

increased extent of hydration and the denser structure with GO addition,

which can effectively mitigate the dissolution of CH and decalcification

of C-S-H. During this stage, a hydrated phase coated with a carbonated layer

and GO/C-S-H or GO/CH composites are formed, which also increases

the carbonation resistance. At longer carbonation times, both the dissolution

of CH and decalcification of C-S-H are accelerated despite the more severe

carbonation of the cement-paste specimen without GO. This is because the

constant consumption of CH reduces the pH of the made cement system,

which accelerates the carbonation of the cement paste. Since the

CO2 concentration on the exposed surface is relatively high, the carbonation
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rates of the cement pastes made with and without GO can decrease with

decreasing degree of CO2 permeation.

Mohammed et al. [92] also found that mortars made with GO, after

exposure of 18months in a carbonation chamber, displayed a fivefold

decrease in carbonation depth compared to the reference sample. Binding

of Ca2+ ions on the surface of GO was also suggested as one of the reasons

for durability enhancement.

6.4.4.2 Chloride ingress
Mohammed et al. [93] reported that mortars with 0.01% wc of GO

presented a fivefold reduction in chloride penetration compared to plain

mortars, as shown in Fig. 6.11. Furthermore, addition of 0.03% wc of

GO in mortars decreased their initial water sorptivity ratio from 0.00046

Fig. 6.10 The dissolution of CH, and especially decalcification of C-S-H, are suppressed
during early carbonation stages with GO addition [91].
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to 0.00020mms�½. The authors suggested that the layered structures of GO

may trap and reduce the chloride ingression depth.

Du et al. [40,94] carried out experimental analysis on the transport

properties (chloride and water) of concrete containing up to 7.5% wc of

graphene-based nanosheets at 0.5% wc increment. Concrete containing

1.5% wc graphene-based nanosheets exhibited the optimum performance

with a reduction in water penetration depth, chloride diffusion, and migra-

tion coefficients by 80%, 80%, and 37%, respectively. The enhancement in

the transport properties was mostly attributed to the increase in tortuosity

and also to the pore refinement. Due to limitations in dispersing the

graphene-based nanosheets, further improvement could not be achieved

by increasing the graphene-based nanosheets content. Graphene-based

nanosheets had also been applied to fabricate graphene-cement anodes for

electrochemical chloride extraction (ECE) [95,96]. Zhao [95] synthesized

an anode with graphite powder and cement with weight ratio 1:1. The

anode exhibited an average ECE efficiency of 71% at electric current of

4A/cm2, which was slightly higher than that of the conventional

Ti-RuO2 mesh anode.

Through chloride diffusion tests, Zhao et al. [97] found that a small dos-

age of GO (0.011wt%) can significantly reduce the content of chloride dif-

fusion, and the average chloride depth was dropped by 29% compared to the

plain sample. The authors also performed molecular dynamics simulations,

and the results showed that the “caging effect” and “immobilizing effect” of

GO sheet can inhibit the chloride ingress.

Fig. 6.11 Chloride front of the reference mortar compared to mortar containing 0.01%
wc GO. Chloride penetration was approximately 26mm for reference sample, whereas
only 5mm for GO-composite [93].
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6.4.4.3 Calcium leaching
In addition to the chloride ingress, calcium leaching of cement-based com-

posites is a common durability problem. It generally occurs in construction

elements that on in contacted with aqueous environments with a pH lower

than 12.5 over long periods of time such as water pipes, cisterns, dams, and

nuclear waste storage facilities [98,99]. Up to date, graphene-based nanoma-

terials have proved to enhance the leaching resistance of cement-based com-

posites. Muthu et al. [5] applied 0.5mol/L HNO3 solution as on accelerated

of leachingmethod and reported that rGO addition can decrease the amount

of bound water and capillary pores (10nm–10μm) in cement-based com-

posites by up to 6% and 46% than the controlled pastes after exposure to cal-

cium leaching. Long et al. [100] applied deionized water and indicated that

GO addition also can contribute to the improvement of leaching resistance

in cement-based composites. After leaching for 28days, mass loss of CH in

GO-cement composites decreased from 4.9% to 3.9% compared to the plain

pastes, while the increment of total porosity mainly deriving from the incre-

ment of pores (1–5 μm) reduced from 25.6% to 3.8%. Furthermore, Long

et al. [101] applied 6mol/L NH4Cl solution and explained that this

improvement can be attributed to the absorption of GO nanosheets to

Ca2+ ions in cement pore solution and the improvement of the microstruc-

ture in GO-cement composites. In addition, EIS was applied to characterize

the calcium leaching process of GO-cement composites, and accurately

predict the leaching depth of the composites.

6.4.4.4 Sulfate attack
Jiang et al. [102] investigated the influence of GO on the sulfate corrosion

resistance of cement-based materials. The mechanical strength of specimens

showed a continuous increase with the soaking time increasing to 90d.

Afterwards, the specimens showed a reduction in mechanical strength with

the soaking time increasing to 135d. The strength of specimens soaked for

135d still showed higher performance compared with that of the specimens

before the initiation of sulfate solution soaking. The authors proposed that

GO could improve the resistance to SO4
2� permeability of cement paste by

preventing the formation of intumescent minerals in the mortar.

6.4.4.5 Freeze-thaw resistance
The freeze-thaw resistance of concrete can also be increased by incorpora-

tion of graphene-based nanosheets. Mohammed et al. [103] observed that

mortars containing 0.06% wc of GO presented a weight loss of about
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0.25% after 540 freeze-thaw cycles compared to about 0.8% for the refer-

ence sample. Mortars mixtures made with GO also displayed less scaling

damage on the surfaces of GO. In addition to the higher compressive

strength, the enhancement of freeze-thaw resistance of mixtures made with

GO was associated with the increase of nanopores over mesopores, as less

temperature is required to freeze the water in smaller pores [104]. The gen-

erated nanopores also created rooms for osmotic pressure release, hindering

the propagation of microcrack and limiting the frost damage. Tong et al.

[105] revealed that different types of graphene-based nanosheets exhibit

completely different effects on frost resistance of mortar. For example, com-

pared to the benchmark samples, pristine graphene-based nanosheets exac-

erbated the mortar’s freeze-and-thaw resistance, whereas their oxidized

form (GNOPs) enhanced it. The discrepancy was attributed to different

pore pressure amplitudes as the water migrates from gel pores to capillary

pores in the C-S-H during cyclic freeze/thaw loads. According to Grand

Canonical Monte Carlo (GCMC) and MD simulation, the pore pressure

amplitude in graphene-based nanosheets-reinforced C-S-H gels were

15.8MPa, compared to 12.5MPa for GONPs-reinforced C-S-H gel.

In summary, the incorporation of 2D nanomaterials in cement compos-

ites can block the transport of aggressive agents within the cement paste and

improve the resistance to carbonation, frost and calcium leaching of cement

composites. Compared to mechanical properties, there is far less information

available on durability-related properties of cement composites containing

2D nanomaterials. Therefore, more in-depth studies are required to focus

on the durability of 2D nanomaterials reinforced cement composites.

6.4.5 Functionality
Nanomaterials have high production costs compared to conventional con-

crete mix, and they require sophisticated protocols to assure correct disper-

sion within the cement matrix, limiting their use in real scale concrete

structures to a large extent. The real promising added value of nanotechnol-

ogy in concrete industry is represented by the unique and smart functions

brought by 2D nanomaterials, such as self-sensing, self-cleaning, stabiliza-

tion/solidification (S/S), anticorrosion, and so on [18,106].

6.4.5.1 Self-sensing
Due to its electrical conductivity and piezo resistivity-based strain sensing

ability, graphene-based nanosheets can promote self-sensing capability of

cement composites [106–109]. Saafi and co-workers [109] investigated
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the electrical and piezoresistive behavior of the geopolymers containing

in situ reduced GO nanosheets. By increasing the content of rGO from 0

to 0.35% wc, the electrical conductivity of the composite improved from

0.77 to 2.38Sm�1. The use of rGO also increased the gauge factor by up

to 112% and 103% for specimens subjected to tension and compression,

respectively. The rGO’s electrical conductivity has also been exploited to

create cement paste sensors, which can measure the chloride ion penetration

in mortars independently of RH [110]. Pang et al. [106,107] noted that the

increasing addition of graphene-based nanosheets considerably reduces the

electrical resistance of OPC mortars. According to the authors, as the addi-

tion exceeds 3.6% of graphene-based nanosheets (by volume of mortar), the

conductive nanomaterial can create a continuous electrical path along the

specimen, and the composite’s electrical conductivity became insensitive

to its moisture content, enabling reliable damage measurements in actual

applications.

Sun et al. [111] reported that, although cementitious composites with

graphene-based nanosheets contents lower than 2% (by volume of compos-

ite) showed no obvious piezoresistive effect, composites containing

graphene-based nanosheets between 4% and 10% exhibited 6.7%–15.6%
of fractional change in electrical resistivity when the compressive stress

was 20MPa. Similar behavior was reported for multi-layer graphene

[112]. Recently, Rhee et al. [113] observed that the electrical response of

cement mortar filled with rice-husk graphene (GRH) presented moderate

range of the electrical performance for GRH composite, a range similar

to that of carbon fiber. However, although graphene-based nanosheets

can increase the electrical conductivity of cement composites, graphene-

based nanosheets-composites have been reported to exhibit inferior

self-sensing capabilities (i.e., piezoelectric properties, gauge factor, strain

sensitivity, and signal quality) compared to composites composed by other

carbon materials [9,114]. Although the reasons have not been explored

in-depth, one possible explanation for the inferior self-sensing performance

of graphene-based nanosheets compared to other carbon nanomaterials

could be associated with their dimensionality, as randomly aggregated thin

sheets may not form continuous conductive pathways as effectively as 1D

cylindrical- and 0D particle-shaped materials.

6.4.5.2 Heavy metal stabilization/solidification (S/S)
In recent years, a dramatic increase of electronic waste (e-waste) has led to

global environmental concerns because of its complex and hazardous nature
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[115]. The treatment of heavy metal waste by stabilization/solidification

(S/S) with cement-based materials has been shown to be a sustainable

option. Although waste materials are generally reused to replace the raw

materials of the modern concrete, the use of waste materials may lead to

secondary environmental pollution and may affect the eco-performance

of the host concrete material. Recently, several researchers have attempted

to apply nanotechnology to cement-based materials to improve their resis-

tance to ion transport [5,116,117]. Long et al. [118,119] studied the effect of

GO in inhibiting lead leaching of waste cathode ray tube (CRT) glass within

cement-basedmaterials. Lead leaching was evaluated using the toxicity char-

acteristic leaching procedure (TCLP) and EIS. The TCLP results indicated

that Pb leaching of waste CRT mortar with GO addition was significantly

controlled below the regulatory limit (5mg/L) specified by theUnited States

Environmental Protection Agency (USEPA) and the Chinese Standard. The

electrochemical parameters revealed that the microstructure of the bulk

cover and waste CRT mortar interface was improved by adding GO, indi-

cating that lead transfer within the bulk cover and waste CRTmortar inter-

face was inhibited, as shown in Fig. 6.12. Better attachment between waste

CRT glass/bulk paste and higher density hardened structure with 0.1wt%

Fig. 6.12 Evolution of electrochemical parameters R1 and R2 vs GO content (0.00%,
0.05% and 0.10wt%) with different waste CRT glass contents of 30 and 60wt% [118].

148 Nanotechnology for civil infrastructure

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



GO were observed in SEM images, thus indicating that the hardened struc-

ture can effectively encapsulate lead ions out of the waste CRT glass in the

interface and bulk paste. Their results show that GO has significant effect

on inhibiting lead ions transfer. This solution has potential to improve

the binding of contaminants originating from waste materials.

6.4.5.3 Electromagnetic shielding
With technological development, electronic devices extensively used in

commercial and military applications are growing fast in number, continue

to generate severe electromagnetic interference (EMI) and radiation. The

substantial increase in EMI can result in malfunctioning and degradation

of electronics [120,121], while the severe electromagnetic pollution can lead

to harmful effects on the health of human exposed to electromagnetic fields

[122]. GO, has been reported as a unique carbon nanomaterial with sheets-

like structure for effectively improving the macro-properties of cement-

based composites, as mentioned before. Due to its dominant shielding

mechanism of electromagnetic radiation absorption, GO sheets have been

reported to be effective for improving the shielding effectiveness of

cement-based composites [123]. Besides, the sheet-like structure of gra-

phene can create a lot more contact area with the host matrix, and further-

more the oxygen functional groups of GOmake it exhibit a good interfacial

attachment [124,125]. By introducing GO sheets onto the surface of carbon

fiber, GO-deposited carbon fiber exhibits better interfacial attachment,

which has been found more effective than carbon fiber in providing EMI

shielding of cement-based composites. Long et al. [19] studied the coupling

effect of GO addition (up to 0.10wt% of cement) and waste CRT glass

replacement for fine aggregates (30 and 60wt%) in cement-based composites

on the mitigating EMI. The electric permittivity was used in their study to

evaluate the EMI shielding capacity of cement-based composites. The DC

electrical resistivity of specimens is shown to increase insignificantly with

increasing in GO content, but it increased remarkably with increasing the

CRT glass content from 30 to 60wt%. The 60wt% replacement of waste

CRT glass containing 0.1wt% GO addition is shown to increase the relative

permittivity by about 50% and 200% when the frequency is in the ranges of

104–5�106Hz and 10–103Hz, respectively, as shown in Fig. 6.13. They

concluded that a significant increase in the permittivity can be obtained

owing to the synergetic interaction between waste CRT glass and GO.

The material with high value of the permittivity can strongly interact

with electromagnetic radiation, which is preferred by EMI shielding.
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Fig. 6.13 Relative permittivity of waste CRT recycling (0%, 30%, and 60%) mortar at
different GO contents (0%–0.1%) in the frequency ranging from: (A) 1–100Hz;
(B) 100–10,000Hz [19].
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The improvement in the EMI shielding ability of cement-based composites

not only enables the application of these composites in mitigating electro-

magnetic pollution but also promotes large-volume recycling of toxic waste

CRT glass.

6.4.5.4 Thermal properties
Thermal properties of graphene-based nanosheets have been exploited to

directly increase the thermal conductivity of cement composites, which

can improve their inner heat dissipation and lessen the effect of thermal

cracking. By using time-domain thermoreflectance method, Sedaghat

et al. [126] reported that incorporation of 5% and 10% wc of graphene

can increase the thermal diffusivity (cm2/s) of cement pastes by 25% and

75% at the first 44h of curing. By quasi-steady-state method, Cui et al.

[127] observed that 5% vc loading of nano graphite platelets (thick-

ness¼1–5nm) increased the thermal conductivity of mortar composites

from 1.1 to 1.95W/(m�K), while decreasing their specific heat by 17%.

More recently, Chu et al. [128] observed that 0.01% wc of graphene sulfo-

nate nanosheets can increase the thermal diffusivity of sacrificial concrete

exposed to temperatures from 25 to 1000°C and improve the residual

mechanical strength of the composites. These results indicate that graphene

can function as a heat sink in cement composites, although its effectiveness in

preventing thermal cracking still needs to be confirmed. Jing et al. [129]

studied the effects of rGO on the thermal properties of cement composites.

Results showed that the thermal conductivity and thermal diffusivity coef-

ficient can be enhanced by 7.8% and 29%, respectively, by doping 1.2wt%

rGO. The enhanced thermal performance efficiently improves the heat

propagation, and consequently reduces the temperature differences between

the center and edge of the mortar at different layers.

6.4.5.5 Fiber reinforcement
Lu et al. [130] investigated the effect of GO on strengthening the interface

bond of polyethylene fiber (PE)/cement matrix. In their study, GO was

coated on PE fiber to strengthen its bond to matrix. Compared with

PE-Mortar, GO/PE-Mortar showed a significant enhancement in first

cracking strength, ultimate tensile strength, and strain by approximately

12%, 46%, and 70%, respectively. The authors explained that the hydrogen

at honeycomb lattice of GO and oxygen in the hydroxyl and epoxy of GO

can interact with oxygen in calcium silicate hydrogen (C-S-H) and hydro-

gen in PE chains via intermolecular H-bonding, contributing to strengthen

the bond of PE fiber/matrix.
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6.5 Summary and conclusions

Recent research studies demonstrate that graphene-based 2D nanomaterials

with extraordinary properties have a great potential to fabricate high-

performance cement-based composites. Compared to 0D and 1D nanoma-

terials, graphene and its derivatives have large aspect ratio along with their

atomic thickness, providing large surface area for the nanosheets or their

functional groups to interact with the cement matrix through the bridging

and nucleation effects, thus contributing to accelerated cement hydration,

uniform microstructure, and improved mechanical properties of graphene-

cement composites. However, the reinforcing mechanism and exact rela-

tionship between graphene-based 2D nanomaterials and hydration products

is not fully understood. Further in-depth and rigorous investigation is

required. Also, the development of an efficient method for obtaining the

appropriate and homogenous dispersion of graphene and derivatives thereof

within cement matrix is highly desired as well as precise control over size and

thickness of graphene sheets remains challenging.

Owing to its low-cost production, easy processability, and high disper-

sibility in water, GO has been the most studied 2D nanomaterial using in

cementitious composites, whereas limited works have considered adopting

other graphene related materials such as rGO and GNPs. The beneficial

effect of GNPs on microstructure and mechanical properties of cement

materials is highly restricted due to their large size. As an alternative to

GO, the beneficial effect of rGO on the performance of cement composites

is also strongly inhibited by the reduced number of oxygen functional

groups. However, GNPs, rGO, and other graphene derivatives should gain

more attention in developing concrete nanotechnology due to their remark-

able electrical conductivity offering possibility for smart and functional

cement-based structural materials.
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Use of nanomaterials
in geopolymers
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7.1 Introduction

Nanomaterials have received significant attention because of their unique

functional properties. They have a great surface area to volume ratio, which

can lead to greater chemical reactivity. This property has the potential for

greater impacts in various fields. For example, using nanomaterials in con-

struction materials can lead to generating products with advanced functions.

Generally, nanomaterials can reduce the amount of cement used and

improve concrete’s mechanical and physical properties. Also, coating con-

structionmaterials with nanoparticles can provide better water repulsion and

corrosion resistance, extending their life service. Alkali-activated materials

(or geopolymer), as an alternative to conventional concrete, can also be

benefited from nanotechnology.

Geopolymer concrete is of interest in recent years due to its desirable

properties, such as comparable mechanical properties to conventional con-

crete and, in some cases, higher durability owing to its low permeability,

resistance to acids, and high frost durability [1]. The geopolymer binders

are easier to produce and less energy-intensive than Portland cement. It is

mainly because their production does not require a high temperature for

the calcination of raw materials. Such characteristics can make geopolymers

promising building materials for general construction and toxic waste

immobilizing, sealing, and temperature-resistant applications [2]. Nanoma-

terials can improve the mechanical and physical properties of geopolymers

in different fashions. This chapter discusses the effects of the widely used

nanomaterials on reaction kinetics, chemical characterization of reaction

products, pore structure, mechanical properties, as well as durability of
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geopolymers. In this chapter, the term “geopolymer” is used as an inter-

changeable term for “alkali-activated materials.”

7.2 Geopolymers

7.2.1 Definitions and classification
Geopolymers were first noticed by Kuhl [3] in the early 1900. He reported

the activation of an aluminosilicate (slag) with an alkali. In the 1950s,

Glukhovsky [4], for the first time, developed binders by activating low-

calcium aluminosilicate precursors using alkali metals. He termed the

binders “soil cements.” In the 1970s, Davidovits [5] developed an alkali-

activated binder based on metakaolin (MK) for high fire-resistant polymer

applications. The growing trend to develop “alkali-activated materials” for

the production of construction materials started later in the 1980s [6].

The “alkali activation” is the generic term in geopolymers that refers to

the activation of a solid aluminosilicate (termed the “precursor”) under alka-

line conditions (induced by the “alkali activator”) to produce a binding

gel that hardens over time. These binders are generated from the alkali acti-

vation of a wide range of aluminosilicates using alkalis such as sodium

hydroxide, sodium silicates, and sodium carbonates. Shi et al. [1] divided

alkali-activated materials (AAMs) based on the precursors into five catego-

ries: (1) alkali-activated slag-based cements; (2) alkali-activated Portland

blended cements; (3) alkali-activated pozzolan cements, (4) alkali-activated

lime-pozzolan/slag cements, and (5) alkali-activated calcium aluminate

blended cement. Provis [7] divided them into two classifications: low-

calcium alkali-activated binders and high-calcium alkali-activated binders.

Due to the diversity of the precursors used in the development of the

geopolymers, they are locally adaptable. They can, hence, form a key

component in the development of future sustainable construction materials.

Geopolymers are considered sustainable alternatives for ordinary Portland

cement (OPC) [6,8].

The formation of geopolymer can be classified into three stages [9]. The

first stage is called “destruction-coagulation.” The SidOdSi, AldOdAl,

and AldOdSi bonds disaggregate from the precursor. The alkaline

metals act as electron donor atoms and redistribute the electronic density

around the silicon atoms. They also hinder reaction reversibility after poly-

merization by generating SidOdNa+ bonds, which contribute to the

development of the coagulated structure through the transport of the

reacting structural units (stage 2). At this stage, “also known as
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coagulation-condensation,” transport and accumulation of the reacting

structural unit enhance contact among the disaggregated products leading

to polycondensation of disaggregated bonds. The third stage is the

“condensation-crystallization,” in which the particles from the precursor

and the condensation outcome form the activation products. The mineral-

ogical composition of the precursor and the type and content of the activator

determine the polymerization products. The primary reaction product in

low calcium-bearing materials is an alkali aluminosilicate hydrate

(NdAdSdH) gel. Using a high-calcium-bearing material such as slag

leads to the formation of calcium aluminosilicate hydrate (CdAdSdH)

gel. The former gel, NdAdSdH, is poor in calcium and is more durable

due to the lower content of the Ca ions. The coexistence of NdAdSdH

and CdAdSdH has been beneficial in the geopolymer matrix [10].

7.2.2 Geopolymer constituents: Precursors, activators,
and admixtures
Geopolymers usually consist of two components: cementitious components

and alkaline activators. In some cases, the third component as an admixture is

added to comply with the requirement of the application. There have been

extensive studies and literature reviews on the effect of constituents in geo-

polymers [6]. A wide array of precursors, namely, industrial by-products,

agriculture waste, and several aluminosilicate raw materials, have been used

to produce geopolymers. Most of them are the same as what is used as sup-

plementary cementitious materials (SCMs) in blends with Portland cement.

However, other sources available in the form of ashes can be employed in

the production of geopolymers. Such sources can be clays, lateritic, volcanic

soils, and agricultural wastes. Usage of precursors in geopolymers depends

on the properties expected and influential factors such as the region and

the type of locally available materials. The dominant characteristics of pre-

cursors are their content of active CaO, Al2O3, and SiO2 and their particle

size which increase their reactivity.

Chemically activating the precursors, caustic alkalis or alkaline salts are

prominently used as alkaline activators in geopolymers. The primary source

of alkalinity in an activator is alkali metals such as sodium in sodium hydrox-

ide, sodium silicates (also known as water glass), and sodium carbonates. The

use of each activator can be largely dependent on the resources. For exam-

ple, higher molarity of hydroxide activators is needed to activate precursors,

especially with low calcium-bearing precursors [11], and even requires ther-

mal curing (60°C higher), depending on the reactivity of the material [12].
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This can cause difficulties for on-site casting. Therefore, adjustments of

activators are also needed to tailor the geopolymer based on the required

specification of the construction.

The third class of components that can be added to geopolymers are

admixtures/additives. Such materials are added to enhance their workabil-

ity, mechanical properties, stability, and durability. For example, the incor-

poration of sucrose and citric acid was reported as set-modifying agents [13].

They reported that sucrose retarded the polymerization because it generated

insoluble metal complexes with Ca, Al, and Fe ions. On the other hand,

citric acid acted as an accelerator and reduced the setting time at high dosage,

unlike its role as a retarder inOPC systems at low dosage. Besides, the retard-

ing effect of polycarboxylate-based superplasticizer was observed in acti-

vated slag/FA-based systems. The retardation of the setting improved the

workability of the geopolymer [14]. The performance of other admixtures

was also studied to add the functionality of the geopolymers. They included

shrinkage-reducing agents [15], preheated materials, and thermomagnetic

admixtures [16], as well as fibers such as basalt and polypropylene fibers

[17]. This paper mainly focuses on the effect of nanomaterials on

geopolymers.

7.2.3 Key engineering properties
Geopolymers’ key engineering properties mainly include fresh properties,

such as workability and rheology, and hardened properties. The hardened

properties are compressive strength, elastic modulus, tensile strength, frac-

ture performance, and durability. The hardened properties are a function

of the reaction kinetics which will be explained in Section 6.3.1. The testing

procedures for assessing the properties of geopolymers are similar to those for

OPC systems. However, no specific testing standards are available exclu-

sively for geopolymers. The engineering properties of geopolymers are stud-

ied with respect to their water-to-solid ratio, activator type and silicate

modulus, water/Na2O, curing time, and curing temperature. The fresh

properties (e.g., slump) vary depending on the molarity and type of activator

[18,19] and rheology modifying admixtures or extra water that are added to

the mixture [20]. The setting time of geopolymer concrete is reported up to

120min [21].

Several studies investigated the mechanical properties of geopolymers

[22]. For example, it is reported that the splitting tensile strength of

FA-based geopolymer was higher than that of OPC concrete. However,
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the modulus of elasticity of geopolymer was found to be lower than that of

OPC concrete [23]. For the durability of geopolymers, extensive research

has been done to investigate chemical or microbial corrosion, frost damage,

surface abrasion, shrinkage, and carbonation of concrete [24]. Geopolymer

concrete’s durability was reported to correspond to factors such as properties

and proportion of raw materials, alkaline solution type, molarity, and curing

regime. Existing literature shows that the geopolymer has better perfor-

mance than OPC concrete in terms of durability [25]. An extensive review

has been conducted in [22,24], and further discussion is out of the scope of

this chapter.

7.3 Effect of nanomaterials on setting, hardening,
and microstructure of geopolymers

The properties of geopolymers are influenced by their microstructure devel-

opment upon activation. Three mechanisms govern the microstructure

development of geopolymers: (1) dissolution of aluminosilicate particles,

(2) nucleation and growth of initial solid phases, and (3) interactions of

formed phases at the boundaries [26,27]. Such interactions will continue

until chemical equilibria in the pore solution are reached. Upon rendering

solid phases onto the particles, diffusion of active ions through the reaction

products will be the dominant mechanism. Such polymerization mecha-

nisms and the products of geopolymerization are critical factors for the fresh

and hardened properties of geopolymers.

As mentioned in Section 6.2.1, the main reaction product of high-

calcium precursors is the CdAdSdH gel [28], with a similar structure

to a disordered tobermorite, which is highly heterogeneous. However,

the Ca/Si of the CdAdSdH gel depends on the activator type. Report-

edly, the CdAdSdH in NaOH-activated slag is denser (higher Ca/Si)

and more well ordered than the CdAdSdH type gel generated in sili-

cate-activated binders [29]. For low-calcium precursors, such as MK and

fly ash (FA) systems, the main product of the geopolymerized systems is

NdAdSdH gel. It is a disordered and highly cross-linked aluminosilicate

gel, with Si and Al tetrahedral coordination [30,31]. However, similar to

high-calcium precursors, the fundamental binder structure depends highly

on the activator. This section reviews the influence of nanosilica (NS), nano-

clay, nanoalumina, and nanotitania on the reaction kinetics and products and

the fresh and hardened properties of geopolymers.
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7.3.1 Reaction kinetics
7.3.1.1 Nanosilica
NS is the most widely used nanomaterials in geopolymers. Silica nanopar-

ticles can accelerate the polymerization process due to high surface energy,

high reactivity, and chemical instability [32]. Previous studies [33,34]

reported that the addition of NS increased the soluble silica content, which

enhanced the dissolution rate of silica and alumina phases in the precursor,

and promoted the formation of long-chain silicate oligomers. Adak et al.

[35] investigated such an effect on FA-based geopolymers and reported a

more rapid dissolution of Si and Al phases. This phenomenon accelerated

the rate of polymerization. The authors showed that the incorporation of

nano-SiO2 increased the intensity bands of the Fourier-transform infrared

spectroscopy (FTIR) spectrum related to the SidOdT asymmetric vibra-

tion in the nanomodified geopolymers. This band determines the degree of

polymerization [36]. Gao et al. [36] showed the high intensity of SidOdT

asymmetric vibration transmittance in the FTIR spectrum of the MK-based

geopolymer, indicating a higher degree of polymerization. In general, the

SiO2/Na2O of 1.5 with 1% NS obtained the highest degree of polymeriza-

tion and led to the densification of the matrix. Tsai et al. [37] also reported a

chemical shift of the fully polymerized silicon in MK-based geopolymer

with NS. The authors showed the dominance of higher cross-links of Al

in the system. Their results also elaborated that the Si atom environment

changed, and the intensity of the main associated peaks increased with

the incorporation of NS. This can indicate more formation of geopolymer

products with the presence of nano-SiO2. Similar findings were reported by

FTIR analysis on the spent catalyst MK-based geopolymer with up to 2%

NS by Lo et al. [38]. The authors found that peaks attributable to the geo-

polymers’ SidOdT symmetrical vibrations differed with variation in the

NS content. The increase in the NS content shifted the band to lower fre-

quencies. Different researchers also studied the effect of NS on the reaction

kinetics of high-calcium precursors.Wang et al. [39] studied the effect of NS

on the hydration of alkali-activated slag. The results showed that the total

heat of hydration increased as NS content increased to 3% (Fig. 7.1). They

explained that NS accelerated the hydration reaction in the early stages

through Its nucleation effect. Also, they mentioned that a large specific sur-

face and high reactivity of NS that was neutralized with alkali solution could

release some heat.
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7.3.1.2 Nanoclay
Nanoclay is another widely used nanomaterial extensively studied due to its

high surface area to volume ratio and high chemical reactivity, promoting

the pozzolanic reaction [40,41]. However, limited studies investigated the

effects of nanoclay particles on the reaction kinetics of geopolymers. Like

NS, nanoclay can enhance the polymerization reaction by increasing the sil-

ica content, leading to a higher matrix density. The enhanced reaction of

FA-based geopolymer was reported by Assaedi et al. [42]. The FTIR results

showed increased intensity and the area of stretching peaks associated with

the SidOdSi in geopolymer with nanoclay. This indicates a higher forma-

tion of the amorphous material and geopolymer gel. However, the higher

content of nanoclay (more than 2%) remained inactive with no further

improvement in polymerization.

7.3.1.3 Nanoalumina
Despite its high crystallinity, nanoalumina was reported to change the reac-

tion kinetics of the geopolymers. However, more extensive research is

needed to elaborate on the underlying mechanisms. Previous work showed

that nanoalumina lowered the Si/Al due to their high surface area, resulting

Fig. 7.1 Total hydration heat release curves of alkali-activated slag with NS [39].
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in more geopolymer gel formation [43,44]. It was also reported that the crys-

talline phase of nanoalumina did not participate in the polymerization reac-

tion and may only act as nanofillers [45]. However, Hajimohammadi et al.

[46] observed changes in the reaction kinetics of low-calcium geopolymer

due to the nucleation effect of nanoparticles. Nanoalumina particles acted as

seed particles and accelerated the formation of geopolymer gel. This enabled

a higher rate of growth and accumulation of NdAdSdH gel [47]. Also,

Alomayri [48] reported that nanoalumina acted as a nanofiller and densified

the FA-based geopolymer. They showed that nanoalumina effectively

strengthened the interfacial bonding of the matrix, which ultimately

increased the hardened properties of the geopolymer.

7.3.1.4 Nanotitania
Among nanomaterials with crystal form, nanotitania is generally used for its

photocatalytic properties. However, the enhancing effect of nanotitania on

the polymerization reaction of geopolymers has also been reported. Similar

to nanoalumina, the crystallinity of nanotitania can provide nucleation sites

for the ionic species in the pore solution, increasing the rate of polymeriza-

tion. Duan et al. [49] showed an increased intensity of the crystal structure

and higher formation of hydrates in FA-based geopolymer. The authors

activated fluidized bed FA-based geopolymer using sodium silicate and

sodium hydroxide with an alkali activator modulus of 1.5. Nanotitania

was P25 (75% anatase and 25% rutile) with particle size ranging from

1nm to 30nm at addition levels of 1%, 3%, and 5%. The authors related

the enhancing effect of nanotitania on the reaction kinetics to their hydra-

tion accelerating effect and their performance as nucleation sites in the geo-

polymer system. The results were indicative that the size and amount of

unreacted particles decreased as the content of nanotitania elevated [49].

7.3.2 Characterization of reaction products
7.3.2.1 Nanosilica
NS mainly enhances the density of the matrix and improves the mechanical

properties by increasing the formation of geopolymer products. Adak et al.

[35] reported that the addition of NS to the low-calcium FA-based geopo-

lymer rendered a new amorphous phase and led to the formation of crystal-

line phases in the matrix. They used NS in the colloidal form with a size of

4–16nm and solid content of 31% in the colloidal solution. The authors

reported that a large number of crystalline compounds, such as new phases

of quartz (SiO2), albite (NaAlSi3O8), kaolinite (Al2Si2O5(OH)4), alite

(Ca3SiO5), mullite (3Al2O3-2SiO2), and Ca(OH)2 crystalline compounds
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were detected. Such crystalline products resulted from the transformation of

the amorphous phase of FA in NS-modified geopolymer. The render of

such crystalline compounds increased the mechanical properties of the sys-

tem and enabled its production at room ambient temperature. The study by

Gao et al. [50] also showed the higher formation of geopolymer products

with the presence of nano-SiO2 in MK-based geopolymer. The reaction

product was an amorphous hydrated aluminosilicate. The TG/DTA results

showed that NS increased the amount of structural water and gels, which

benefited the structural development.

For high-calcium precursors, Phoo-ngernkham et al. [51] investigated

the effect of NS on Class C FA-based geopolymer paste. They reported a

higher formation of CdSdH, an increase in the density of quartz, and sec-

ondary products in the geopolymer matrix when NS was added. Another

XRD investigation by [39] on alkali-activated slag with NS showed

increased peak intensity of hydrated calcium aluminosilicate and hydrated

calcium silicate gels. However, a study by Behfarnia and Rostami [52]

showed a possible negative impact of NS on the microstructure of alkali-

activated slag. They studied the effect of NS (20–30nm) on alkali-activated

slag at contents of 0.5%, 1%, 3%, and 5% by weight of slag. Three main

phases, including CdAdSdH gel, calcium carbonate (calcite), and

magnesium-aluminum carbonate hydroxide hydrate (Mg6Al2CO3

(OH)164H2O), were detected. However, the results of the XRD analysis

showed that the addition of NS formed a new calcium silicate carbonate

phase with the mineral name Tilleyite. This phase has a layered and laminate

structure [53] (Fig. 7.2). The authors reported that the formation of this

Fig. 7.2 SEM image of alkali-activated slag at 90day with 1% NS [52].
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new phase and its layered structure can lower the durability of activated slag

due to the increased permeability.

7.3.2.2 Nanoclay
In a study by Assaedi et al. [42], low-calcium FA with a specific gravity of

2.1 was activated using a combination of sodium hydroxide solution and

sodium silicate. The alkaline solution to FA was 0.75, and the ratio of

sodium silicate solution to sodium hydroxide solution was 2.5. The nanoclay

was natural montmorillonite modified with a quaternary ammonium salt

particle with a particle size of 90% volume less than 13nm. It was added

to the FA at 1%, 2%, and 3% contents by weight. The XRD-and FTIR anal-

ysis showed that the addition of nanoclay increased the amorphous phase,

which led to a denser matrix, and a lower content of unreacted fly ash

particles. The XRD pattern of geopolymer with nanoclay showed an amor-

phous aluminosilicate phase was developed. FTIR results showed decreased

peaks associated with physically free water and chemically bounded water

through the hydrogen bond, which agrees with their results from the ther-

mal analysis. They reported that the inclusion of nanoclay increased the con-

tent of the amorphous phases and polymerization process compared to the

control geopolymer. In another study by Assaedi et al. [54], they reported

similar results, although the formation of sodium carbonates was also

detected. The authors showed that the nanoclay slowed down the reaction

progress over time and reacted with more OdH groups (physical water),

which led to the formation of a more robust material.

7.3.2.3 Nanoalumina
It is reported that nanoalumina has no significant influence on the polymer-

ization process. However, the pore-filling effect of nanoalumina can

improve the microstructure of geopolymer. Results from Alomayri [48]

showed that the XRD pattern of FA-based geopolymer with nanoalumina

(50nm) was similar to those without nanoalumina. They concluded that

nanoalumina did not participate in the geopolymeric reactions but existed

as filler particles in the geopolymer matrix. However, Phoo-ngernkham

et al. [51] reported similar behavior of nanoalumina to that of NS despite

their distinct crystallinity. In their study, the XRD pattern of

nanoalumina-modified FA-based geopolymer showed a higher formation

of NdAdSdH gel in the presence of nanoalumina. Huang and Han

[44] also confirmed the effectiveness of nanoalumina particles on polymer-

ization. They reported that incorporating 5% nanoalumina shifted and
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intensified the SidOdT (T refers to Si or Al) asymmetric stretching vibra-

tion. This indicates enhanced polymerization and the formation of higher

geopolymer gel.

7.3.2.4 Nanotitania
A study by Duan et al. [49] on fluidized FA-based geopolymer with nano-

titania showed that nano-TiO2 particles improved the formation of hydrated

structures, enhanced the crystalline structure, and increased the crystalline

phase of albite. However, in a study by Guzmán-Aponte et al. [55], it

was reported that the addition of up to 10% nano-TiO2 to the MK-based

geopolymer showed no significant change in the FTIR spectra compared

to the reference mixture. Results from the X-ray diffraction and FTIR ana-

lyses of Llano-Guerrero et al. [56] also showed no new phases in the presence

of the nanoparticles. The authors investigated the effect of nano-TiO2 on

MK-based geopolymer with the alkaline solution with mixtures of sodium

silicate of a modulus of 3.25 and sodium hydroxide. The nanotitania was

P-25 with a ratio Anatase/Rutile 80:20 and an average particle size of

21nm. However, Yang et al. [57] showed a significant effect of nanotitania

(20–100nm) on alkali-activated slag. The results showed that the transmit-

tance related to OdH stretching and molecular water changed noticeably.

Nanotitania showed an increase in those bands, indicating a higher amount

of chemically bound water and the formation of more hydration products.

Also, bands associated with CdSdH/CdAdSdH gel were detected to

grow wider when TiO2 was added. Results were conclusive that more

hydration products like CdSdH and CdAdSdH were produced.

7.3.3 Pore structure
7.3.3.1 Nanosilica
Previously, it was discussed that NS mainly induces the higher formation

rate of geopolymer products, increasing the matrix’s density and improving

the mechanical properties. In a study by Deb et al. [58] on FA-based geo-

polymer, it was shown that the NS (15nm) refined the pore structure

through the filling effect and developed a more compact microstructure.

They also showed that NS developed a denser microstructure by reducing

the amount of unreacted FA particles compared to control samples. Gao

et al. [50] also showed that the macropores in MK-based geopolymer trans-

formed to mesopores with NS. This was mainly attributed to the enhanced

polycondensation of the hydrated gels by the accelerating effect of NS on the

dissolution of the precursor. It was reported that pores larger than 200nm
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were reduced by a higher degree of activation in NS-containing geopoly-

mer. Such pores represent the spaces between partially reacted or unreacted

raw material and the geopolymer gel. Assaedi et al. [59] also reported

that adding 3% NS helped further activation of FA particles to form geopo-

lymer gel. They observed that NS actedmore efficiently as a filler whenmix-

ing was performed in the dry conditions compared to wet conditions.

However, Lo et al. [38] showed a threshold for NS usage in MK-based

geopolymer. The use of more than 5% NS was not beneficial, as the higher

NS content caused poor dispersion and lowered the enhancing influence of

nanoparticles.

As for precursors with high-calcium content, Khater [60] studied the

effect of NS on the microstructure of alkali-activated slag. The authors

reported that the morphological texture of the matrix improved with the

inclusion of NS which was mainly due to the filling of microvoids and

the accelerated hydration reactions. NS particles also provided more nucle-

ation sites for the growth of geopolymer gel. However, Wang et al. [39]

reported the early-age effect of NS on the hydration process. They stated

that NS could not act as a filler due to the higher reactivity of particles

involved in the activation process. All studies agreed that agglomeration

could happen when higher contents of NS are applied. Agglomeration of

particles caused the formation of voids and led to a less homogeneous micro-

structure. Fig. 7.3 shows the reduced beneficial effect of NS in decreasing

the porosity of MK-based geopolymer.

Fig. 7.3 Porosity of MK-based geopolymer with up to 3% NS [50].
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7.3.3.2 Nanoclay
Assaedi et al. [42] studied the effect of using 3% nanoclay on the microstruc-

ture of FA-based geopolymer. SEM images showed a high concentration of

unreacted and partially reacted FA particles in the plain geopolymer matrix.

This increased the system’s porosity; however, nanoclay refined the micro-

structure by enhancing the polymerization. Like NS, excessive content of

nanoclay led to the agglomeration of nanoparticles and reduced the benefi-

cial effect of nanoclay. Fig. 7.4 shows the agglomerated nanoclay in the

matrix.

7.3.3.3 Nanoalumina
A few available studies investigated the microstructure of geopolymers with

nanoalumina. However, it is reported that incorporating nanoalumina

changes the Si/Al and influences the polymerization. Nanoalumina can

enhance the microstructure of the geopolymer by filling nano-sized pores

Fig. 7.4 SEM images of the fracture surface of geopolymer with different loadings of
nanoclay with agglomerated nanoclay particles embedded in the matrix at (A and B)
low magnification and (C and D) high modification [42].
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as well as inducing chemical reactions. Huang and Han [44] investigated the

use of nanoalumina with a high crystalline structure (α-Al2O3) in FA-based

geopolymer. The authors reported that the aluminum phase of Al2O3 took

part in geopolymeric reactions and resulted in a denser microstructure.

Results from Alomayri [48] on the microstructure of FA-based geopolymer

with nanoalumina also showed that the amount of nonreacted FA particles

was reduced, and pores were significantly refined when 2% nanoalumina

was added. The authors stated that nanoalumina contributed to the geopo-

lymer reaction and acted as filler. However, the effectiveness of nanoalumina

at higher content (3%) was reduced.

As for precursors with higher calcium, Phoo-ngernkham et al. [51]

showed that nanoalumina had a very similar effect with NS on high-calcium

FA-based geopolymer. They reported that nanoalumina resulted in the

additional formation of CdSdH/CdAdSdH gels, which coexisted

with NdAdSdH gel [60] and thus led to the overall densification of

the matrix. The SEM images showed that the microstructure of geopolymer

was enhanced when up to 2% nanoalumina was used. However, the exces-

sive content of nanoparticles (e.g., 3%) resulted in the agglomeration of

nanoparticles. Also, a negative impact on the microstructure was observed.

Chindaprasirt et al. [61] also reported that nanoalumina positively affected

the microstructure of high-calcium FA-geopolymer. Their study showed

the existence of unreacted FA particles enveloped by CdSdH/

CdSdAdH and NdAdSdH gel in control geopolymer samples. In

contrast, the CdSdH/CdAdSdH gel was more evenly distributed in

the matrix with nanoalumina, which resulted in a more homogeneous

microstructure.

7.3.3.4 Nanotitania
Duan et al. [49] reported that nanotitania accelerated the hydration through

the nucleation and filling effect. Fig. 7.5 shows the effects of using 1 to 5%

TiO2 nanoparticles on the pore size distribution and porosity of geopolymer

at 28days. The results showed that the pores of geopolymer were refined as

the addition of nanotitania increased to 5%. The nanotitania addition shifted

the most probable peaks of the pore size distribution to smaller sizes

(Fig. 7.5A). Also, the hydrated products increased with increasing content

of nanotitania leading to a decreased porosity and much denser microstruc-

ture related to the nucleation and filling effect of nano-TiO2 (Fig. 7.5B).

Maiti et al. [62] studied the effect of nano-TiO2 particle size on the micro-

structure of FA-based geopolymer. Results showed that the pore structure of
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mixtures with nanotitania was significantly smaller compared to control

samples. With the addition of different sizes of nanotitania particles, specific

pore volumes of the geopolymers were reduced. The most probable pore

diameter of the geopolymer was decreased with the decreased size of

nanotitania. The pore diameter of the samples shifted to the range of the

Fig. 7.5 Pore size distribution and porosity of FA-based geopolymer with nanotitania
[49].
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less-harmful pores [63] by the filler effect of nanotitania, which further

increased the geopolymer density.

For activated slag, a study by Yang et al. [57] reported differences in

microstructure between the reference alkali-activated slag and those with

TiO2 nanoparticles. The SEM images showed that the incorporation of

nano-TiO2 accelerated the hydration process, resulting in more hydration

products like CdSdH/CdSdAdH and a densified microstructure.

The results of cumulative porosity also showed that nano-TiO2 lowered

the total porosity. This revealed that nano-TiO2 changed the pore structure

toward a more mesopore structure (1.25–25nm).

7.4 Effect of nanomaterials on fresh and hardened
properties of geopolymers

7.4.1 Workability and setting time
7.4.1.1 Nanosilica
Revathi et al. [64] studied the effect of NS on the early-age properties of

slag/FA-based geopolymer. The results showed that NS reduced the flow-

ability of the mixtures due to the high surface area and very fine particle size

of NS. G€ulsan et al. [65] investigated the simultaneous effect of NS and steel

fiber (SF) on the fresh properties of self-consolidating geopolymer using 50%

FA and 50% ground granulated blast furnace slag. The test results at fresh

state showed that the use of NS and SF had a negative effect on the slump

flow diameter, t50 flow time, V-funnel flow time, and L-Box passing ability.

The incorporation of 2% NS reduced the fresh property values in the geo-

polymer. However, NS improved the resistance to segregation and bleeding

by increasing the cohesiveness of the mixtures. Shahrajabian and Behfarnia

[66] reported that NS reduced the slump of alkali-activated slag. This was

related to the smaller size of nanoparticles compared to slag with a larger

aspect ratio that resulted in higher water absorption and slump reduction.

The fineness of NS and the increased water demand was also reported in

[67]. Berra et al. [68] recommended using a superplasticizer (polyacrylic

type) to overcome the slump reduction. However, the immediate addition

of superplasticizer after mixing water containing NS had adverse effects on

the effectiveness of NS. The authors related such adverse effects to the inter-

action between superplasticizer and NS that lowered the reactivity of nano-

particles. They recommended that a delayed addition of the superplasticizer

will help the uniform dispersion of materials without significantly affecting

the NS reactivity. Xie and Kayali [69] reported that polycarboxylate
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superplasticizers lowered mixture stiffness and improved the flowability of

FA-based geopolymer.

Some studies showed that the accelerating effect of NS on geopolymers

can lead to increased workability. Adak et al. [35] reported that increasing

the NS content increased the slump of FA-based geopolymer. Rodrı́guez

et al. [70] explained this phenomenon by indicating that the incomplete dis-

solution of NS in the hydroxide solution decreases the viscosity and

improves workability. Deb et al. [33] also reported acceptable workability

and easy handling of mixtures with NS during the casting of the samples.

Adak et al. [35] studied an FA-based geopolymer that was activated with

NaOH with three molar concentrations of 8 (M), 10 (M), and 12 (M) and

was mixed with Na2SiO3 solution in the proportion of 1:1.75 (by mass). In

their study, colloidal NS with up to 10% of FA, by mass, was applied. The

results showed that the addition of NS reduced the initial and setting time of

the FA geopolymer from 200 and 274min to 113 and 162min when 4%NS

was used. A similar trend was observed in MK-based geopolymer by Gao

et al. [36]. The authors showed that adding 1% NS (with an average size

of 10nm) reduced the initial and final setting times. They reported that

increased sodium silicate content increased the paste’s viscosity and short-

ened the setting time. Zidi et al. [71] also noted that adding 5% NS reduced

the setting time of MK-based geopolymer from 360min by 45%. The

authors attributed the such reduction in setting time to high specific surface

area and high reactivity of NS. Therefore, it can be stated that the inclusion

of NS to low calcium-bearing procurers can reduce the setting of geopoly-

mers and facilitate their hardening at ambient room temperature. This can

help overcome the issue caused by heat curing conditions. However, higher

contents of NS caused agglomeration and reduced the accelerating effect of

NS and the associated influence on the setting time. For FA with high-

calcium content, Phoo-ngernkham et al. [51] reported that NS to Class

C FA geopolymer resulted in decreased setting time due to the increased

formation of CdSdH.

7.4.1.2 Nanoclay
Shahrajabian and Behfarnia [66] investigated the effect of nanoclay particles

on the workability of alkali-activated slag. They reported the workability

was not affected significantly comparing to those with NS and nanoalumina.

They mentioned that nanoclay remained nonreactive in contact with water

and the alkaline solution, followed by an insignificant change in the slump.

Hassaan et al. [72] reported that the slag/MK-geopolymer with 3% nanoclay
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obtained good workability. The mixture was further enhanced when a 4%

Glenium ACE-based superplasticizer was added.

7.4.1.3 Nanoalumina
Phoo-ngernkham et al. [51] reported that the setting time of FA-based geo-

polymer could be slightly affected (reduced) by nanoalumina. In their study,

high-calcium FA was activated using 10M sodium hydroxide and sodium

silicate at a constant liquid-to-binder ratio of 0.60 and Na2SiO3/NaOH

ratio of 2.0. The nanoalumina with particle sizes of 13nm was added at

the dosages of 0%, 1%, 2%, and 3% by weight. They reported that the effect

of nanoalumina was less than that of NS in geopolymer mixtures with a sim-

ilar design (and identical dosage). It was due to the higher reactivity of NS

particles, especially with calcium ions found in abundance in high-calcium

FA. Fig. 7.6 compares the effect of NS (shown as S) and nanoalumina

(shown as A) on the initial and final setting times of FA-based geopolymer.

As can be seen, the addition of 3% NS decreased the setting time by 50%,

while nanoalumina had a very slight effect on the setting times. However,

Chindaprasirt et al. [61] reported that the initial and final setting times of

high-calcium FA-based geopolymer were reduced with the addition of

7% nanoalumina. Still, an increase in nanoalumina accelerated the setting

of high-calcium FA geopolymer.

Fig. 7.6 Setting time of high-calcium FA-based geopolymer with NS and nanoalumina
[51].
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7.4.1.4 Nanotitania
Like nanoalumina, nanotitania performance in geopolymer is mainly based

on the nano-sized particles that facilitate nucleation and filling effects. Phys-

ical characteristics of nanotitania can shorten the setting time and lower the

workability of geopolymers. Guzmán-Aponte et al. [55] showed that the

setting time of MK-based geopolymer was reduced with the inclusion of

TiO2. Also, Duan et al. [49] reported that 5% nanotitania decreased the

workability of FA-based geopolymer by 22%.

7.4.2 Mechanical properties
7.4.2.1 Nanosilica
NS can contribute to the densification of the geopolymer through physical

and chemical effects. This property is unique among nanoparticles as other

particles such as nanoalumina and nanotitania mainly possess physical effects

owing to their crystalline nature. The literature reports a significant

improvement in compressive strength and flexural strength of geopolymers

with NS regardless of precursors. Phoo-ngernkham et al. [51] reported

higher compressive and flexural strengths of 52MPa and 6MPa at 90days,

respectively, for high-calcium FA-based geopolymer with the addition of

2% NS. It was equal to an increase of 32% and 38% as compared with

the control samples, respectively. They attributed such enhancement to

the formation of secondary geopolymeric gel (CdSdH/CdAdSdH

and NdAdSdH). Results showed that NS reacted with the calcium ions

from high-calcium FA, which led to the formation of secondary strength-

ening gel and enhanced the strength. Another study by Deb et al. [58] on

FA-based geopolymer showed the highest increase in compressive strength

with 3%NS at all ages up to 90 d. Both studies referred to the agglomeration

of the excessive NS that resulted in impaired mechanical properties.

Wang et al. [39] reported the effect of NS (dosage of 0.5%–3%) on the

alkali-activated slag. They noted that an increase in NS (up to 2%) increased

the compressive strength. Any content higher than 2% reduced the com-

pressive strength. It was also reported that the early-age compressive strength

was better than the later age strength due to the high reactivity of NS and

slag. The threshold for inclusion of NS was reported to be 1% for MK-based

geopolymer. Gao et al. [36] mentioned that the addition of more than 1%

NS reduced the strength of geopolymer. The authors reported that the

excessive amount of NS leached out of the matrix. The variation in the

threshold of NS can be related to the content of Ca ions of aluminosilicates.

The Ca ions in the aluminosilicates can react with NS and produce more
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strengthening gel. In a study by Zidi et al. [71], it was shown that up to 5%

NS contributed to the higher compressive strength of MK-based geopoly-

mer cured at 80°C as compared to the control mixtures. However, the

higher content of NS with better performance in their study can be related

to the increase in the curing temperature. Temperature can increase the

reactivity of the mixture.

Higher content of NS in colloidal formwas also reported to be influential

on the mechanical properties of geopolymers. Adak et al. [35] investigated

the effect of 6% colloidal NS on the mechanical properties of FA-based geo-

polymer, where a significant increase was reported. The results showed that

the added colloidal NS increased the Si/Al and added to the homogeneity of

the matrix. Nanomodification of the matrix developed a denser interfacial

transition zone (ITZ) between aggregates and the matrix, which enhanced

bond strength and flexural strengths of geopolymer. The enhancing perfor-

mance of NS on the ITZwas also reported by Gulsan et al. [65]. The authors

studied the hybrid effect of NS and SF on the mechanical properties of self-

consolidating geopolymer concretes (SCGC). It was reported that the incor-

poration of NS in the SCGC mixtures did not significantly affect flexural

performance when used without fibers. However, the hybrid uses of NS

(2%) and SFs (1%) enhanced bond strength, flexural strength, and fracture

properties of the geopolymer due toNS’s positive effect on the ITZ of fibers.

Fig. 7.7 shows the load-deflection responses of slag/FA-based geopolymer

Fig. 7.7 Load deflection responses of 1% SF and different contents of NS in slay/F-based
geopolymer [65].
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with 0.5% SF and NS (1% and 2%). As seen, the samples with NS showed

more strain hardening behavior due to higher bond strength. Xu et al. [73]

also confirmed such performance in FA-based geopolymers with up to 6%

NS and polyvinyl alcohol (PVA) fibers. The authors reported that the

mechanical properties of the geopolymer mixtures were increased with

NS cured at ambient temperature. The optimum content of 6% NS and

5% PVA fibers was recommended to achieve the optimum mechanical

properties of FA-based geopolymer.

7.4.2.2 Nanoclay
Similar to NS, nanoclay can significantly improve the mechanical properties

of geopolymers. However, the optimum content of nanoclay can vary in

different aluminosilicate precursors based on their chemical composition.

Assaaedi et al. [42] reported that 2% nanoclay is the optimum content to

obtain the maximum flexural and compressive strengths, flexural modulus,

and hardness of FA-based geopolymer. This threshold was also limited to 2%

for alkali-activated slag, and higher contents reduced the compressive

strength at 7 and 28days [66]. However, In another study by Kaur et al.

[74], 4% replacement of nanoclay was reported as the optimum content

for FA-based geopolymer. The SEM examinations showed that silica and

alumina oxide of nanoclay contributed to the higher polymerization reac-

tion. SEM analysis showed that the geopolymer with nanoclay (lower con-

tents) had a less dense microstructure. It was related to the presence of a

higher number of unreacted and partially reacted FA particles. Also, results

from EDS analysis showed that the optimum content of nanoclay reduced

the Si/Al of geopolymer, showing more involvement of Si in the matrix and

a higher degree of polymerization that increased the strength. In a study by

Revitheja and Kumar [75], it was reported that the addition of 6% nanoclay

in FA-based geopolymer, cured at ambient temperature, improved the com-

pressive strength, splitting tensile strength, and flexural strength by 26%,

29%, and 37%, respectively. The authors reported that such enhancement

was mainly attributed to the high surface area of nanoclay that enhanced

the degree of polymerization. The excessive addition of nanoclay (above

6%) did not lead to the active participation of nanoparticles in the reaction

process, and the beneficial effect was strength was insignificant. For the slag/

FA-based geopolymer, the improvement was increased to 47%, 51%, and

48% for compressive strength, splitting tensile strength, and flexural strength,

respectively, compared to mixtures without nanoclay.
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7.4.2.3 Nanoalumina
Nanoalumina also has a beneficial effect on the mechanical properties of

geopolymer. The threshold for inclusion of nanoalumina was reported to

be 2%. However, the enhancing mechanism of alumina nanoparticles is dif-

ferent from that of NS. The positive impact of nanoalumina is mainly orig-

inated from the crystallinity of alumna nanoparticles. Similar to other

nanoparticles, an excessive amount of inclusion would cause agglomeration

and reduce the strength of geopolymers. Alomayri [48] studied the effect of

1% to 3% nanoalumina particles by weight into FA-based geopolymer with a

constant liquid-to-binder ratio of 0.75 cured at ambient room temperature.

Results showed that the optimum content of nanoalumina particles was 2%

for improving the mechanical properties of geopolymer, where a maximum

improvement of approximately 45% for flexural strength was recorded. The

enhanced flexural strength was attributed to the improvement in the matrix

by the filling effect of nanoparticles, creating a denser microstructure [40].

This effect led to overcoming local failures in the sample by enhancing the

interfacial adhesion, leading to superior resistance to bending and fracture

forces. The authors reported that nanoalumina particles bridged the micro-

cracks and inhibited crack propagation.

Phoo-ngernkham et al. [51] studied the effect of nanoalumina on high-

calcium FA-based geopolymer at contents of 1%, 2%, and 3%. They found

that nanoalumina particles enhanced the compressive and flexural strengths

at ambient temperature compared to the reference mixtures. The compres-

sive strength, flexural strength, and elastic modulus of high-calcium

FA-based geopolymer with nanoalumina increased due to the higher forma-

tion rate of CdSdH/CdAdSdH and NdAdSdH. The formation of

geopolymer gels can fill the pore to make the dense and robust geopoly-

mer. However, higher content of nanoalumina was needed (2%) to obtain

similar results for mixtures with NS (1%). In another study by Shahraja-

bian and Behfarnia [66], the effect of nanoalumina on the compressive

strength of alkali-activated slag was investigated. They reported that the

increase of nanoalumina by 2% increased the compressive strength. How-

ever, the compressive strength of mixtures with 3% nanoalumina

decreased. The authors related this decrease to the agglomeration and

uneven distribution of nanoparticles during the mixing process. However,

it was suggested that nanoalumina is not a promising solution for improv-

ing the compressive strength of alkali-activated slag due to the high cost of

these particles.
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7.4.2.4 Nanotitania
Duan et al. [49] studied the effect of 1%, 3%, and 5% nanotitania on the com-

pressive strength of fluidized bed FA-based geopolymer concrete. The

authors reported the enhancing effect of nanotitania on compressive strength

at both early and later ages. As reported, the enhancing effect of nanotitania

was more accentuated due to a faster polymerization rate at an early age.

Maiti et al. [62] reported that 5% nanotitania was the optimum amount

for maximum compressive strength (53MPa) and split-tensile strength

(6.8MPa) after 28days of curing. Nanotitania particles reduced the porosity,

roughness and increased the density of the geopolymer matrix. For alkali-

activated slag, though, Yang et al. [57] limited the incorporation of nanoti-

tania to 0.5% and reported that the compressive strength improved by 10%,

15%, and 9% compared to the reference mixtures at 3, 7, and 28days, respec-

tively. In contrast, flexural strength improved 25%, 25%, and 38% for cor-

responding 3, 7, and 28days. Results from Llano-Guerrero et al. [56] also

indicated that slag/Mk-based geopolymer with 0.5% of TiO2 had higher

compressive strength. Nanoparticles acted as fillers in a denser reaction prod-

ucts matrix, helping to reduce cracks and therefore improving the compres-

sive strength.

7.4.3 Durability
7.4.3.1 Nanosilica
One of the significant roles of NS is improving the impermeability of geo-

polymers. Deb et al. [58] studied the sorptivity of geopolymers with 0% and

2% NS. Geopolymer mortars using FA, binary mixtures of FA and 10%

Portland cement, and FA and 15% slag were prepared. Results were indic-

ative of the reduction in the sorptivity coefficient for all mixtures when NS

was applied. They attributed such enhancement to the densification of the

microstructure through the nanofilling effect of particles as well as the for-

mation of additional geopolymer gel. However, NS showed the lowest per-

formance in the FA-based geopolymer. Zidi et al. [71] showed that the

addition of 5% NS into the geopolymer mixture increased the density from

1.62 to 1.72g/cm�3 and contributed to the decrease in the water absorption

of the geopolymer by about 10.5%. The authors attributed the improvement

to the formation of the homogeneous structure of the geopolymer. The

SEM images also confirmed an accumulation of the gel and the filling of

the pores. Gao et al. [76] reported that adding 1% to 3%NS to slag/FA-based

geopolymer reduced the water permeability of the mixtures by 26%.
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However, the addition of any excessive content of NS increased the perme-

ability by generating air voids, mainly caused by the adverse effect of nano-

particles on the workability of the mixture. Their et al. [77] investigated the

effect of NS on gas permeability of slag/FA-based geopolymer incorporated

fiber and coal fly ash aggregate (CFA). The incorporation of CFA increased

the permeability of the system due to its intrinsic porous structure. The

authors reported that NS improved the water penetration resistance, gas per-

meability, and sorptivity of CFA mixtures. The refining of pore structure

and discontinuity of pores resulting from NS decreased the gas permeability

coefficient. Also, Saini and Vattipalli [78] studied the durability of self-

consolidating alkali-activated slag with 2% NS through sorptivity index

value. They indicated that 2% NS provided the highest strength and dura-

bility performance without compromising its workability.

Ramezanianpour and Moeini [79] studied the rapid chloride migration

in alkali-activated slag with 2% to 4% NS and up to 10% silica fume. It was

reported that NS addition contributed to further gel production and lower

porosity, inhibiting the chloride ingression into the matrix. Cevik et al. [80]

investigated the effect of NS on the short-term severe durability perfor-

mance of FA-based geopolymer concrete. The results showed that 3%

NS enhanced the resistance of the mixtures to chemical environments (sul-

furic acid solution and seawater). Fig. 7.8 shows the residual flexural strength

of FA-based geopolymer with NS after exposure to the chemical environ-

ment. As seen, the strength reduction after exposure was minimum for mix-

tures with NS. The results also showed denser structure and decreased

porosity and permeability of mixtures with NS.

7.4.3.2 Nanoclay
Assaedi et al. [42] studied the effect of using 1% to 3% nanoclay on the poros-

ity and water absorption of the FA-based geopolymer. Results showed that

the addition of nanoclay reduced the porosity and water absorption. Incor-

porating 2% nanoclay was reported to bring about the optimum perfor-

mance by decreasing the porosity (7%) and water absorption (17%) and

17%. Shahrajabian and Behfarnia [66] investigated the effect of nanoclay

on the frost resistance of alkali-activated slag. Results were indicative that

2% nanoclay enhanced the residual compressive strength of mixtures after

exposure to negative freeze and thaw cycles. Also, the exposed nanomodi-

fied samples experienced less mass loss after exposure. The results were in

good agreement with another study [51].
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7.4.3.3 Nanoalumina
Very few studies have investigated the effect of nanoalumina on the dura-

bility of geopolymers. Shahrajabian and Behfarnia [66] studied the durability

of alkali-activated slag with the presence of nanoalumina against freeze and

thaw cycles. The results showed that the addition of 2% nanoalumina

reduced compressive strength loss of geopolymer under freezing-thawing

cycles. However, the effect of nanoalumina was not significant in preventing

the mass loss of mixtures under freeze and thaw cycles. They reported that

incorporating NS and nanoclay was more effective than nanoalumina on the

frost durability resistance of geopolymers.

7.4.3.4 Nanotitania
Maiti et al. [62] investigated the effect of nanotitania on the apparent volume

of permeable voids and water absorption of FA-based geopolymer. Results

showed that 5% nanotitania reduced the volume of available permeable

voids in the matrix. Yang et al. [57] also reported that the addition of

Fig. 7.8 Residual flexural strength of FA-based geopolymer with NS after exposure to
the chemical environment [80].
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0.5% nanotitania in alkali-activated slag reduced the total porosity of pore

size (1.25–25nm) and improved the pore size distribution. Both studies

found that nanotitania filled the nanopores in the geopolymer matrix and

increased resistance against deleterious agents. Duan et al. [49] reported that

the nanotitania is also effective in enhancing the carbonation resistance of

geopolymers. Their results showed that carbonation depth decreased with

the incorporation of nanotitania under accelerated carbonation. They

reported that 5% nanotitania was the optimum content and reduced the car-

bonation depth by 100%.

7.5 Summary and perspective

This chapter discussed the effect of the most widely used nanomaterials,

namely, NS, nanoclay, nanoalumina, and nanotitania, on reaction kinetics,

geopolymer products, microstructure, and properties of geopolymers. Sim-

ilar to their functions in Portland cement systems, nanoparticles can accel-

erate the reaction process due to their high surface energy, high reactivity,

and chemical instability, improving their active participation in polymeriza-

tion. This can increase the dissolution of aluminosilicates, nucleation and

growth of initial solid phases, and interactions of formed phases at the

boundaries.

The addition of nanomaterials increased the dissolution rate of silica and

alumina phases in the precursor and promoted the formation of long-chain

silicate oligomers. Also, nanomaterials can act as nucleation sites in the

matrix leading to an even distribution of geopolymer products in the matrix.

The chemical characterization of geopolymers indicates that the size and

amount of unreacted particles decrease with the addition of nanomaterials.

However, studies have shown that agglomeration of nanoparticles can hap-

pen when higher contents are applied, which causes the formation of voids.

Therefore, the homogeneity of the microstructure will be lowered.

Nanomaterials play a crucial role in both the fresh and hardened prop-

erties of geopolymers. Studies show that the incorporation of nanomaterials

can decrease the setting time of geopolymers. This is due to the increased

formation of geopolymer products. Such accelerated setting can lower

the workability of geopolymers, which necessitates the use of superplastici-

zers at appropriate contents and order of addition. Despite the adverse effect

of some nanomaterials on workability, they increase the mechanical prop-

erties of geopolymers. They enhance geopolymers’ bond strength and flex-

ural strength due to developing a stronger ITZ between aggregates/fibers
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and the bulk geopolymer paste. The nanomaterials also improve the imper-

meability of microstructure and densify the matrix. This can increase the

resistance of geopolymers to chloride ingression, carbonation, and other

deterioration mechanisms.

References
[1] C. Shi, D. Roy, P. Krivenko, Alkali-Activated Cements and Concretes, CRC Press,

2003.
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CHAPTER 8

Nano TiO2-engineered
cementitious materials with
self-cleaning properties
Qingxu Jina and Hongyan Mab
aDepartment of Civil and Environmental Engineering, Michigan State University, East Lansing, MI,
United States
bDepartment of Civil, Architectural and Environmental Engineering, Missouri University of Science and
Technology, Rolla, MO, United States

8.1 Introduction

Since nano-titanium oxide (TiO2) is relatively inexpensive, safe, and chem-

ically stable and has high compatibility with traditional concrete materials,

there is a growing interest in using TiO2 in the construction industry such

as building façades, exterior tiles, roofs, and concrete pavements [1–4]. The
initial interest in the use of TiO2 in construction materials stemmed from its

white color, which is due to TiO2 having no absorption in the visible region

[5], and hence for being used as a white pigment in paints, cosmetics, and

food coloring since ancient times [6]. In 1956, scholars from Japan started

using the photochemical power of TiO2, activated by ultraviolet (UV) irra-

diation, in various organic solvents such as alcohols and hydrocarbons [7]. In

the early 1970s, a Nature article [8] for the first time reported water photo-

electrolysis, also known as the “Honda-Fujishima effect,” where a semicon-

ductor of TiO2 electrode was used to facilitate hydrogen evolution under

UV radiation. Since then, the field of TiO2 photocatalysis has experienced

major developments every 10years for the last several decades. The produc-

tion of photocatalytic H2 was reported in the 1980s [5] and hydrophilic

TiO2 films and coatings were developed in the 1990s [9]. The combination

of photocatalytic oxidation reactions of adsorbed substances and the photo-

induced hydrophilic conversion of TiO2 itself has led to a broad range of

applications, particularly in building materials and environmental applica-

tions [5]. During the twenty-first century, TiO2 has become a practical tech-

nology for water treatment of hydroponic systems [5], antibacterial metal

applications [10,11], removal of volatile organic compounds (VOCs) [12],
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air purification through smog abatement [13–15], and surface self-cleaning

properties [12,16,17].

In this chapter, we will focus on the “self-cleaning” properties of nano-

TiO2-engineered photocatalytic cementitious materials. We will first

explore the self-cleaning mechanism and then introduce two main types

of TiO2-engineered cementitious materials—TiO2-doped and

TiO2-coated cementitious materials. Since the interaction between

TiO2 and cementitious substrates for each type is different, we will discuss

the effects of TiO2 on the cement for each type, including hydration process,

microstructure, strength, surface hydrophilicity, and bond strength between

coating and cementitious substrates. Finally, we will present the assessment

technique for photocatalytic self-cleaning performance and present its appli-

cation of methylene blue (MB) photodegradation as an example.

8.2 Self-cleaning mechanism and types
of TiO2-engineered cementitious materials

8.2.1 Self-cleaning mechanism
Self-cleaning properties help create contamination-free surface and in turn

maintain the aesthetic characteristics of the concrete urban environment and

minimize the cleaning expenses [18,19]. The TiO2-based self-cleaning

mechanism combines photocatalysis and photo-induced superhydrophili-

city. Surfaces with contact angles<90° are considered hydrophilic and with
contact angles >90° are considered hydrophobic [20–22]. For superhydro-
philic surfaces, the contact angle is nearly 0° and water droplets can spread on
the surface and form a thin film [20]. When the TiO2-engineered surfaces

are exposed to the sun, the high photocatalytic capability of TiO2 can be

activated (Eqs. 8.1–8.3) in the presence of water, oxygen, and UV or near

UV-light, leading to the formation of hydroxyl radicals (OH•) and superox-

ide radicals (O2
•�) [17,23].

TiO2 !hv TiO2 + e� + h+ (8.1)

h+ + H2O ! H+ + OH• (8.2)

e� + O2 ! O•
2
� (8.3)

These photocatalytic surfaces are capable of decomposing organic pollut-

ants, including polymers, visible stains, aromatics, dyes, and surfactants [24].

These small particles and greasy deposits such as fatty acids adhere on the

building surfaces, causing aesthetic concerns [25]. For example, the
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carboxylic groups (dCOOH) of fatty acids enable them to stick on the

building surface by chemically bonding with calcium ions present in con-

crete [25]. Their long chains link with other hydrophobic molecules known

as hydrophobic interactions and perpendicularly extend from the building

surface, trapping more atmospheric particles and dust [1]. The decomposi-

tion of carboxylic groups based on photocatalytic self-cleaning property is

considered a chain reaction. First, the high redox power of photo-induced

electron-hole pairs (Eq. 8.4) can decompose the organic binders in the fol-

lowing manner (with palmitic acid as an example).

n� C15H31 � COOH + h+ ! n� C15H31 � COO + H+

! n� C15H31
• + CO2 + H+ (8.4)

After the release of the first CO2, the n-C15H31
• are oxidized by hydroxyl

radicals to an alcohol, and then further oxidized into acid n-C14H29 –
COOH (Eq. 8.5), which will undergo similar reactions to release the second

CO2. The chain of reaction continues until the acid is completely decom-

posed to CO2 and H2O.

n�C15H31
• + OH• ! n� C15H31 OH + O2

! n� C14H29 � COOH + H2O (8.5)

8.2.2 Types
In the current building and construction applications, TiO2 nanoparticle-

doped cementitious materials are more widely used than TiO2-coated

cementitious materials due to the concerns of TiO2 coating might be lost

in the field from wear and weathering [26,27]. Research regarding the

TiO2 nanoparticle-blended application has been focused on the effects of

cementitious material nanostructure, microstructure, and surface features

on photocatalytic performance in the presence of TiO2 nanoparticles

[26,28,29], the effects of mixing procedures and environmental conditions

on photocatalytic efficiency [27,30], the effects of TiO2 nanoparticles on the

early hydration and mechanical properties of TiO2-doped photocatalytic

cementitious materials [31,32], and the feasibility of using alternative

cementitious materials in combination with TiO2 nanoparticles [33,34].

Although there are concerns about TiO2 coating loss with field applica-

tions, the use of TiO2 photocatalytic functional coating on the surface of

cementitious material is attracting a growing attention for two major rea-

sons. First, because the photocatalytic reactions are surface phenomena
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[35], it would be more effective and economically efficient to apply

TiO2-modified functional coatings to the surface of cementitious materials

[35]. Second, the TiO2-coated cementitious materials are considered to

have less embodied energy than TiO2-doped ones [36]. A life cycle analysis

carried out by Jayapalan et al. [36] comparing a TiO2-based cement paste

with plain cement paste showed that TiO2-based cement nearly doubles

the material’s energy embodiment, even when only 5% by weight

TiO2 is blended in the cement paste. Therefore, TiO2 coating, using as

the functional component on the surface of cementitious substrates as a stra-

tegic application, could minimize the TiO2 dosage, and hence its energy

embodiment.

Moreover, to address the durability concerns of a TiO2 coating and

reduce the production cost, previous studies have proposed using titania-

silica (TiO2-SiO2) composites as a photocatalytic coating since SiO2 has

higher mechanical and thermal stability than TiO2 [37–39]. Compared to

TiO2, the production of SiO2 is less expensive [37], and the introduction

of SiO2 also increases the photocatalytic efficiency because its large surface

area helps adsorb pollutants and intermediates for longer periods [37].

SiO2 can also alter the hydrophilicity of TiO2-SiO2 coatings [40] and in

turn, help address the durability issues of cementitious substrates due to

the penetration of water and aggressive chemicals when exposed to atmo-

spheric conditions of relative humidity >50% [41]. Although the addition

of SiO2 improves the durability of the coating itself, the bond between

the coating and the surface of cementitious materials must be carefully exam-

ined, and the durability of the bond must be ensured to avoid compromising

the durability performance of the coated photocatalytic cementitious

materials.

8.3 Effect of TiO2 on cementitious substrates

For TiO2 nanoparticle-doped cementitious materials, the inclusion of nano-

particles could affect the early hydration, microstructure, and strength of the

materials. For TiO2-coated cementitious materials, the main influences of

TiO2 on materials are surface hydrophilicity and bond strength between

coating and cementitious substrates. In this section, we will discuss the

effects of TiO2 on the cement for each type of TiO2-engineered cementi-

tious materials.
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8.3.1 TiO2 nanoparticle-doped cementitious materials
8.3.1.1 Hydration and strength
Two different effects of TiO2 inclusion on the hydration of cement have

been reported previously: (i) the pozzolanic activity of TiO2 in promoting

the early-age hydration of cement [42,43]; and (ii) being considered as an

inert filler, the effect of TiO2 on the promotion of early-age hydration is

likely due to enhanced nucleation and growth of CdSdH surrounding

TiO2 particles [31,36]. Although an agreement has not been reached yet,

the effects of TiO2 additions on cement hydration depend on the cement

matrix, water-to-cement ratio (w/c), TiO2 nanoparticle content,

TiO2 nanoparticle size, and dispersion degree. For example, Jayapalan

et al. [36] have observed that the rate of heat release and total heat release

of TiO2 nanoparticle-doped cementitious materials increases with the

increased content, as shown in Fig. 8.1. For supporting the nucleation

and growth effects, the authors claimed that the nucleation effect dominates

the dilution effect since higher TiO2 replacement (wt% of cement) increases

the rate of early reaction. More importantly, the more well-dispersed nano-

particles, which according to Jayapalan et al. are described in terms of particle

and agglomerate sizes, the higher the peak rate of heat release and the total

heat release [36]. In addition to cement, Lee and Kurtis [44] carried out sim-

ilar hydration studies on alite and belite, two of the main clinker minerals of

Portland cement. Again, the early-age hydration of alite and belite is accel-

erated by a TiO2 inclusion similar to cement, and the authors claimed that

the acceleration is also likely due to the nucleation and growth effects.

Lee [32] has measured the compressive strength evolution of cement

paste containing 0% (control), 5%, and 10% TiO2 at 1, 3, 7, 14, and 28days

of age at a w/c of 0.5, as shown in Fig. 8.2. The compressive strength

increased until 14days and reached a plateau. The author also performed

a single factor analysis of variance test (ANOVA test) with data at 28days

of curing and concluded that the compressive strength for each case at

28days of curing is statistically the same, even though the samples with

5% and 10% TiO2 replacements contain less cement compared to the con-

trol samples. This result indicates that the acceleration of early-age hydration

induced by TiO2 could help compensate the potential low strength that

might be caused by low cement content from TiO2-doped cementitious

materials.

8.3.1.2 TiO2 dispersion and microstructure
One of the key factors to ensure a uniform photocatalytic performance is the

uniform distribution of TiO2 nanoparticles within the hydrated cement.
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Studies have shown that TiO2 nanoparticles exhibit a tendency toward

agglomeration [45], which could affect the photocatalytic performance.

To enhance the particle dispersibility in an aqueous environment, chemical

surface treatment using phosphorous and potassium has been performed on

the surface of these nanoparticles [45]. Such treatment has also been used in

commercial products [46]. In addition to agglomeration, the tendency of

TiO2 nanoparticles binding with any particular hydrated phases could also

potentially affect the photocatalytic efficiency. Therefore, to examine the

Fig. 8.1 (A) Rate of heat release and (B) total heat release of TiO2-doped cement
samples with different TiO2 content. T1 has a particle size of 20–30nm and
agglomerate size of 1.5μm, T2 has a particle size of 15–25nm agglomerate size of
1.2μm, and T3 has a particle size of 21nm and agglomerate size of 0.5μm [36].
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TiO2 nanoparticle dispersion and the corresponding microstructure, Jin

et al. [34] recently carried out a scanning electronmicroscopy (SEM) analysis

and observed that the commercial TiO2 nanoparticles with phosphorous

surface treatment are uniformly distributed within calcium aluminate

cement (CAC) and exhibit no preference to bind with any particular

hydrated phases (Fig. 8.3). However, the image also shows that these

TiO2 particles are in the size range of 1–2μm and could be the

Fig. 8.2 Compressive strength of 0%, 5%, and 10% TiO2-doped cement pastes at a w/c
of 0.5. (Reproduced from B.Y. Lee, Effect of TitaniumDioxide Nanoparticles on Early Age and
Long Term Properties of Cementitious Materials, 2012.)

Fig. 8.3 SEM analysis of TiO2-doped CAC samples, with TiO2 highlighted [34].
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agglomerations of the nanoparticles. Similar observations have also

been found in TiO2-doped ordinary Portland cement (OPC)-based

materials [46].

To understand the effect of TiO2 nanoparticles on the material’s micro-

structural properties, Jin et al. [34,47] prepared the granular cementitious

samples with the size of 0.6–1mm and measured their specific surface areas

(SSA) using N2 adsorption and desorption isotherms. The results show that

the samples with TiO2 nanoparticles have higher SSA and larger amount of

small pores (<10nm) compared to control samples without TiO2. These

effects should be mainly attributed to the inclusion of TiO2 nanoparticles,

which intrinsically inherit high surface area [34,47].

8.3.2 TiO2-coated cementitious materials
8.3.2.1 Hydrophilicity
For TiO2-coated cementitious materials, the TiO2 coating has little effect on

the hydration and strength since the coating is usually applied on the surface

after 28days of curing and hydration of cementitious substrate [48,49].

However, the coating could alter the hydrophilicity of the photocatalytic

cementitious material surfaces. As mentioned in Section 1.2, hydrophilicity

could affect the photocatalytic performance of TiO2-coated cementitious

materials and can be characterized by the wettability test, which essentially

examines the interactions between the sample surfaces and water. The

cementitious materials are usually hydrophilic with a contact angle of

10°–15° [48] and the TiO2 coating could help the surface achieve superhy-

drophilic with a contact angle of 0° [48]. However, by including a hydro-

phobic SiO2 layer in between TiO2 coating and cementitious substrate, the

surface can be altered to hydrophobic or superhydrophobic with contact

angles larger than 100° [22,48]. The ability to change the surface hydrophi-

licity and hydrophobicity lends the TiO2-SiO2 nanoparticle-modified coat-

ings to broad applications in addition to photocatalytic performance. For

example, in repair applications, hydrophobic coatings are more favorable

since they could help prevent water from penetrating into concrete, poten-

tially avoiding future repairs in the same area.

8.3.2.2 Bond strength
Another important parameter of TiO2-coated cementitious materials is the

bond strength between the functional TiO2 coating and cementitious sub-

strate, which is the largest concern of applying TiO2-coated cementitious

materials in infrastructure such as pavement surface that is directly exposed
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to the traffic loading. It has been demonstrated that the inclusion of a

SiO2 layer could affect the bond strength between coating and cementitious

materials [48], which could be evaluated by adhesion tests (ASTM D3359).

The results of adhesion tests are shown in Fig. 8.4 [48]. The PB and C4B

samples are plain OPC and OPC pastes, respectively. The samples coated

with only TiO2 layer are denoted as PT and C4T, the samples with only

hydrophobic SiO2 layer are denoted as PS1 and C4S1, and the samples with

both TiO2 and SiO2 are denoted PST1 and C4ST1 for OPC and CAC,

respectively. The results show that in samples with only TiO2 layer, the

coatings can be easily peeled off during the cut without damaging the sur-

faces of cementitious substrates, indicating a weak bond between these coat-

ings and cementitious substrates. In contrast, the surfaces of samples coated

with a hydrophobic SiO2 layer are irregular and roughened after the cut.

This result indicates a strong bonding between coatings and cementitious

substrates as the damage occurs in the cementitious substrate when peeling

off the coatings. This strong bond performance appears to be related to the

hydrophobicity of the SiO2 layer. For coated concrete infrastructure where a

strong bond between coating and cementitious substrate is desirable, an

addition of hydrophobic SiO2 layer is recommended for improving the

bond strength.

8.4 Self-cleaning performance and applications

8.4.1 Assessment techniques
To determine the self-cleaning activity of the surface of the

TiO2-engineered cementitious materials, ISO standard: 10678:2010—

“Determination of photocatalytic activity of surface in aqueous medium

by degradation of methylene blue”—has been widely used [50]. Although

this standard is based on water remediation, it still provides useful guidance

to measure the ability of a photocatalytic coated surface to clean the depos-

ited organic species by observing the destruction of a pollutant. To demon-

strate this effect, a dye, specifically MB dye, is used as a test pollutant since

only a small amount of material is needed to show a striking color change as

the dye is photo-oxidized. The complete photodecomposition of MB dye

(C16H18N3SCl) by titania films follows the reaction below [51]:

C16H18N3SCl + 25
1

2
O2 ��������!TiO2,hv�3:2 eV

HCl+H2SO4 +HNO3

+ 16CO2 + 6H2O (8.6)
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Fig. 8.4 Adhesion tests for examining bond strength between TiO2 coating and
cementitious substrates. (Modified from ACI special publication Q. Jin, M. Faraldos, A.
Bahamonde, B.H. Zaribaf, K.E. Kurtis, Titania and silica nanoparticle-modified coatings
for cementitious materials, ACI Spec. Publ. 335 (2019) 97–111.)
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The common chemical structure of MB is shown in Fig. 8.5 [52],

together with its colorless and reduced form of leuco-MB (LMB). The pop-

ularity of usingMB dye for the test is due to its large molar absorptivity, non-

toxic nature, high solubility in water, stability in an aqueous solution, and its

ongoing applications and availability for textile, leather, and paper dye [52].

The standardized test [50] uses a plate sample of 10cm2 with an active

coating and a glass cylinder with a diameter of about 4cm is fixed on top

of the sample. AnMB solution containing 2�10�5mmol of MB is prepared

and stored in the dark for 12h before the test, during which if the concen-

tration of MB reaches lower than 1�10�5mmol preparation must be

repeated using a fresh conditioning solution. After that, 35mL of solution

is placed in the cylinder, which is then covered with a UV transparent glass

pane, such as borosilicate. The system is then under the radiation of a

UV-light with an energy density of 1.0mW/m2 and a narrow-band emitter

such as a blacklight blue (BLB) lamp should be used. The concentration of

the MB solution is measured by a spectrophotometer at a wavelength of

664nm as a function of irradiation time. The irradiation process is carried

out for 3h, or until whenever the solution is decolorized, whichever hap-

pens first. The reaction temperature should be 23�2°C. A blank control

group should also be tested under a dark environment. The photocatalytic

efficiency of the system can be calculated based on the relationship between

the MB concentration and irradiation time. For testing the self-cleaning

Fig. 8.5 Structure of MB dye and its colorless leuco-MB (LMB) [52].
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properties of photocatalytic cementitious materials, previous studies have

applied MB dye drops on the coated surfaces and a similar measurement

of discoloration is followed as previously mentioned [53].

The biggest advantage of the method presented above is its simplicity.

However, this simplicity is based on several underlying assumptions, which

could cause potential errors and increase uncertainties. The main assump-

tions that could be problematic have been identified by Mills [52], who also

provided suggestions for improving such concerns. The ones that are the

most relevant to self-cleaning cementitious materials are listed here:

(i) the purity of MB dye: studies have shown significant variations in an

impure MB source [54], and Mills [52] suggested to use a known source

of MB dye and self-validate its purity before using it; (ii) pH: a pH, whose

value is below the zero charged substrate, would be ideal for the relevant test.

In the case of TiO2, the pH value of the zero charger should be 6.6, there-

fore, Mills [52] suggested the initial pH of theMB dye should be in the range

of 5.5–6.0 for the test; (iii) light source: the standard recommends a narrow-

band light source in the range of 320–400nm. Mills [52] argued that such a

loosely defined light source could cause significant variations and suggested

that the BLB UV-light with a europium-doped strontium fluoroborate or

borate phosphor should be used. Despite these concerns, previous studies

[53] have demonstrated that the application of such tests in photocatalytic

cementitious materials can still provide useful insights, in particular the cor-

relation between MB photodegradation and photocatalytic self-cleaning

behavior.

8.4.2 Methylene blue photodegradation
The results of MB photodegradation could provide two sets of information:

(1) the indication of hydrophilicity of the coated surface; i.e., the greater

hydrophilicity of the surface the larger spread area of MB solution per the

same volume, and (2) the lightening of MB solution is the indication of

the photocatalytic degradation of MB solution, the mechanism of which

is presented in the previous section. The self-cleaning efficiency of

TiO2-doped cementitious materials has rarely been tested, since the doping

is more relevant to applications for air/water cleaning while self-cleaning is a

surface phenomenon [55]. Fig. 8.6 shows the MB photodegradation of

TiO2-coated OPC pastes and CAC pastes along with the radiation time

[48]. It was observed that cementitious materials with a TiO2 layer (with

sample ID of PT, PST1, PST2, C4T, C4ST1, and C4ST2 in Fig. 8.6) show
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a significant MB photodegradation (blue color fading) regardless of the

inclusion of SiO2 layer or not, while the ones without TiO2 (with sample

ID of PB, PS1, PS2, C4B, C4S1, and C4S2 in Fig. 8.6) show insignificant

MB photodegradation even with SiO2 layer. This comparison suggests that

the coatings containing TiO2 promote the photocatalytic activity and hence

increase the rate of MB photodegradation. Fig. 8.7 plots the efficiency of

MB photodegradation along with the radiation time. The time to achieve

50%MB dye bleaching (t1/2) is indicated by the red dashed line. The sample

with only TiO2 layers presents a faster 50% MB dye bleaching (lower value

of t1/2) than samples with both TiO2 and SiO2 layers, indicating that the

inclusion of silica layers may affect the interaction between coatings and

cementitious substrates, hence, reduces the MB photodegradation effi-

ciency. Jin et al. [48] have also examined the microstructure of the two

Fig. 8.6 MB dye degradation of TiO2-coated Portland cement pastes (left) and CAC
pastes (right).
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Fig. 8.7 MB dye degradation efficiency of TiO2-coated cementitious composite—
Portland cement (PT, PST1, and PST2) and CAC (C4T, C4ST1, and C4ST2). (Reproduced
from ACI special publication Q. Jin, M. Faraldos, A. Bahamonde, B.H. Zaribaf, K.E. Kurtis,
Titania and silica nanoparticle-modified coatings for cementitious materials, ACI Spec.
Publ. 335 (2019) 97–111.)
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cementitious substrates (i.e., OPC vs CAC) and found a significant differ-

ence between these cementitious materials in terms of porosity and pore dis-

tribution. However, their examination revealed little difference between

coated and uncoated samples, suggesting the coatings have an insignificant

effect on the microstructures of these two TiO2-coated cementitious mate-

rials. Moreover, the authors also found that the differences in microstructure

seem to play an insignificant role in the MB photodegradation compared to

the differences in the coating composition, which indicates the MB photo-

degradation largely depend on the photocatalytic performance of the coat-

ings themselves [48].

8.5 Conclusion and future perspectives

The effects of TiO2 nanoparticles on microstructure and properties of

TiO2-doped and TiO2-coated cementitious materials, and the resultant

self-cleaning property (as well as the mechanisms) are discussed in this chap-

ter. The self-cleaning capacity of these materials can be attributed to

TiO2-induced photocatalysis and superhydrophilicity: the former effect

leads to continuous photocatalytic decomposition of organic pollutants,

and the latter effect results in easier spreading of pollutants and facilitates

photocatalytic reactions.

In TiO2-doped cementitious materials, the incorporated

TiO2 nanoparticles manifest a filler effect, diluting cement and accelerating

the early hydration of cement. The filler effect typically results in an

increased early-age strength but no obvious effect on late age strength

(e.g., at the age of 28days). The detailed effects of TiO2 on cementitious

materials depend on how well the nanoparticles are dispersed.

In TiO2-coated cementitious materials, the TiO2 coating improves the

surface hydrophilicity, but the bonding between the coating and cement

substrate can be weak. Inserting a SiO2 layer between the TiO2 coating

and the substrate can make the coating hydrophobic and improve largely

the interfacial bond strength.

Since self-cleaning is a surface phenomenon, TiO2 coating is a more fea-

sible strategy as compared to doping. The efficiency of self-cleaning of

TiO2-coated cement-based materials, as demonstrated using photodegrada-

tion of MB, has been well documented.

As the self-cleaning capacity of TiO2-functionalized cement-based

materials is normally stimulated by UV or near UV-light—which limits

the application of self-cleaning—it will be attractive in future studies to
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enable visible-light-responsive photocatalysis. In addition, workability (ease

of application of photocatalytic coating) and strength of coating are also

practical issues to be addressed in the future.
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