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RESUMO 

O cimento Portland (PC) é um dos produtos mais consumidos no mundo. Seus 

derivados (concreto, argamassa, pasta) apresentam características satisfatórias quanto à 

compressão, entretanto o mesmo não ocorre com relação à tração. Os nanotubos de carbono 

(NTCs) possuem elevada resistência à tração, sendo deste modo candidatos para reforçar 

estruturalmente materiais cimentícicos. Várias tentativas foram realizadas no mundo para 

desenvolver processos envolvendo a produção de compósitos a partir da mistura física de 

cimento e de nanotubos de alta qualidade. Atualmente estes processos são ainda inviáveis 

para produzir material de construção em grande escala. Os problemas a isto associados estão 

relacionados à escala e custo de produção, além da dispersão e ligação dos nanotubos na 

matriz de cimento. Para tentar resolver estes problemas, neste trabalho foi desenvolvido um 

processo de síntese in-situ de nanotubos e nanofibras de carbono em clínquer e sílica ativa. 

Além disso, resíduos da siderurgia como carepa de laminação de aço e pó de aciaria foram 

utilizados para melhorara as características dos produtos. Os produtos da síntese foram 

caracterizados por microscopia eletrônica de varredura, por análise termogravimétrica e por 

resíduo por queima. Estes produtos apresentaram grande heterogeneidade em morfologia. Foi 

desenvolvido também um processo de funcionalização in-situ dos nanotubos via amônia. Os 

materiais nano-estruturados foram adicionados aos cimentos CP-III e CP-V em uma 

concentração de 0,3 % para realização de análises físico-químicas convencionais de cimento. 

O tempo de pega apresentou um leve aumento no cimento CP-V, mas os demais parâmetros 

não sofreram alterações significativas pela adição de clínquer nano-estruturado. Argamassas 

foram preparadas para testar as resistências à compressão e à tração dos compósitos, este 

último por flexão ou por compressão diametral. Aumentos nas resistências à compressão e à 

tração foram observados em argamassas preparados com 0,3 % de nanotubos em relação ao 

peso do cimento, e com aditivos plastificantes a base de policarboxilato e polinaftaleno além 

de lignosulfonato. Resultados promissores também foram obtidos com o uso de peróxido de 

hidrogênio como agente de funcionalização. A adição de sílica ativa nano-estruturada também 

provocou aumento de resistência mecânica dos compósitos. Análises por BET e por 

picnometria a hélio mostraram aumento da área superficial específica e redução dos diâmetros 

dos poros dos compósitos. 



 

Palavras chave: cimento, nanotubos de carbono, nanofibras de carbono, síntese, 

caracterização, ensaios mecânicos 



 

ABSTRACT 

Portland cement (PC) is one of the most consumed products of the world. Its derivates 

(concrete, mortar, paste) have good compressive characteristics, but on the other hand have 

poor tensile behavior. Carbon nanotubes have exceptionally high tensile strength and are 

therefore candidates for structural reinforcement of cement materials. Many tentative have 

been reported to develop composites with the physical mixture of high quality nanotubes and 

cement. These processes today are still unviable for large scale production of construction 

material. The problems are linked to the scale and costs of production and the dispersion and 

bond of the nanotubes to the cement matrix. In order to solve these problems in present work 

an in-situ synthesis process was developed to produce nanotubes and nanofibers on clinker 

and silica fume particles. Steelmaking by-products, such as steel mill scale and converter dust 

were also added to improve product characteristics. The synthesis products were characterized 

by scanning electron microscopy, thermogravimetric analysis and loss on ignition. The 

products showed highly heterogeneous morphology. An in-situ functionalization process was 

also developed based on ammonia. The nano-structured materials were added to Brazilian CP-

III and CP-V type cements in 0.3 % concentration to perform common physical and chemical 

cement analysis. Setting time of CP-V suffered a slight delay, but other characteristics were 

not altered significantly after the addition of nano-structured clinker. Mortars were prepared 

in order to determine compressive and flexural or splitting tensile strength of the composites. 

Gains in the compressive and tensile strengths were observed of mortars incorporating 0.3 % 

nanotubes prepared with a combined polycarboxylate and polynaphtalene and a 

lignosulfonate based plasticizer. Positive results were also observed with the use of hydrogen 

peroxide as functionalizing agent. The addition of nano-structured silica fume also resulted in 

increase of the mechanical strength of the composites. BET and helium pycnometry analysis 

of the mortars showed an increase in specific surface area and reduction of mean pore 

diameter of the composites. 

Keywords: cement, carbon nanotubes, carbon nanofibers, synthesis, characterization, 

mechanical tests 
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1   

INTRODUCTION 

1.1 Initial considerations 

Humanity has always been interested in better understanding the surrounding world. This 

surrounding world in the scale comparable to human size is relatively well known nowadays. 

The center of researchers’ interest has turned to the world of both smaller and bigger scale. 

Nanometer (10
-9

 meter) is the scale of atoms and molecules. At the end of the 20
th

 century 

the technological development made possible the investigation of nano-size matter and the 

science called nanotechnology was born. In fact, nanotechnology is not only a science, but the 

application of the recently discovered correlations at molecular scale to the classic fields of 

sciences. At this scale, materials have very different behavior from their macroscopic 

characteristics. Nanotechnology is the tool to get acquainted with and to exploit these “nano-

characteristics” in the development of civilization. 

Nanomaterials are modern materials developed by the nanotechnology containing nano-

sized particles in a controlled manner. These materials have remarkably different 

characteristics: higher thermal and/or electric conductivity, enhanced mechanical properties, 

catalysis of different chemical reactions and self-healing properties. These characteristics of 

the material at macro-size are inherited of the nanoparticles. And this is the main challenge in 

the development of nanomaterials: to incorporate these particles into a matrix while keeping 

their extraordinary characteristics. 
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Nanotechnology is one of today’s most active research and development fields, with high 

sum of funds allocated to it. Meanwhile compared to other main fields of industry, the impact 

of nanotechnology in construction industry is still little exploited. The possible reasons for 

this, according to Bartos (2008), are: (1) construction industry is not a field that produces new 

technologies, but it rather uses the benefits of technologies developed in other areas; (2) 

construction industry has historically low level of investments in research and development 

and (3) the necessity of very high initial capital investment required in nano-related research 

and development. The same study states that the employment of nanotechnology in 

construction industry will lead in the near future to buildings with zero environmental impact, 

since new, smart, high performance materials with characteristics such as self-cleaning and –

healing and self-monitoring will be used. 

With focus on sustainability, the nanotechnology applied to construction industry has to 

satisfy health, environmental, social and economic conditions. New materials with improved 

or new characteristics will certainly have economic benefits if the necessary improvements in 

production technology are accomplished. Health and environmental effects are subjects of 

ongoing research parallel to investigations on applications. The nanoparticles may represent 

various risks as their size permits to cross cell membranes. The most difficult thing is to 

foresee possible social effects of applied nanotechnology. It is not known for example 

whether a product labeled “nano” would sell better, but certainly there will be threats 

regarding them with or without any logical explanation. 

The nano-related research and development of ordinary Portland cement and concrete 

composites today has several areas of focus. These areas include the better understanding and 

engineering the process of cement hydration and the hydration products themselves at nano-

scale level, incorporation of nano-particles such as nano-silica, carbon black, carbon 

nanotubes (CNTs) in cement matrix in order to improve concrete performance and durability 

or to develop micrometer-thick coatings, and nano-sensors in order to achieve a smart 

concrete (BALAGURU and CHONG, 2008). 

1.2 Justification 

The development of a composite made with Portland cement produced with CNTs could 

lead to a new high performance material. The CNTs would act as bridges across cracks and 

voids and thus strengthen significantly the matrix in tension. As it has been reported in recent 
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studies, cement composites incorporating CNTs in the amount of 0.3 to 0.5 % of the mass of 

binder show 19-34 % better tensile strength to the reference specimens (LI et al., 2004a; 

MELO, 2009; MUSSO et al., 2009; XU et al., 2009). Figure 1.1 shows a comparison of some 

published results on the compressive and tensile strength of CNT/cement-based composites. 

The gains presented are very modest in comparison to the potential of individual CNTs’ 

mechanical properties, but it can be foreseen, that if the issues of dispersing nanotubes in the 

matrix and assuring strong bond between CNTs and cement particles are solved, the results 

should be much more favorable. In addition to better strength, characteristics such as 

shrinkage and ductility are expected to show better performance, and the appearance and 

propagation of micro-cracks could be controlled. These enhancements besides having an 

impact on the structural performance of cement-based materials would also allow the concrete 

industry become more sustainable. The desired characteristics would provide significantly 

longer service life of concrete structures. Less and smaller cracks can also reduce corrosive 

agents to penetrate into the concrete and consequently damage the steel rebars. 

 

Figure 1.1 – Comparison of the gains for the compressive and tensile strength of CNT-cement based composites 

Compared to most of the investigations in the literature, which involve the physical 

mixture of nanotubes and cement paste or mortar, the in-situ synthesis of these particles can 

resolve many of the dispersion and bonding problems. The research group based at the 

Nanomaterials Laboratory of UFMG developed a method to produce nano-structured clinker 

with in-situ synthesis of CNTs (LADEIRA et al., 2008). This technique involves industrial 

by-products as catalyst materials, which probably has not been reported elsewhere. 

0

10

20

30

40

Li
 e

t 
al

.,
 2

0
04

M
el

o
, 2

00
9

M
u

ss
o

 e
t 

al
.,

2
00

9

X
u

 e
t 

al
.,

 2
0

09

G
ai

n
 w

it
h

 r
es

p
ec

t 
to

 r
ef

er
en

ce
 [

%
] 

Compressive strength

Tensile strength



4 

1.3 Objective 

The primary objective of this research project is to create a viable method of producing 

CNT reinforced cement matrices through in-situ chemical vapor deposition (CVD) synthesis 

of multiwalled carbon nanotubes (MWCNTs) on clinker particles or other Portland cement-

compatible materials. The in-situ synthesis is expected to radically improve the dispersion and 

the bond between nanotubes and the binding material. Also continuous process production 

can be more efficient due to the removal of startup conditions in batch processes. 

The study covers the whole process from CNT synthesis by CVD to the determination of 

mechanical properties of CNT-reinforced cement test specimens. There is an important focus 

on the development of an economically viable production process including CNT synthesis. 

Attempts are going to be made to reduce production costs by using residual materials as 

catalysts and carbon source gas and optimizing the CNT yield of the process. At the same 

time, laboratory CNT synthesis is needed to be up-scaled in order to produce enough material 

to perform strength tests and to reduce production costs. Nanotube synthesis in greater 

amount will allow stepping toward the industrial scale production. 

This doctoral work’s objective is to investigate the influences between the process 

parameters and the micro- and macrostructure of CNT-reinforced cement paste, with principal 

focus on tensile strength. The characteristics of the new material are to be compared with 

standard Portland cement in order to prove its significance as a construction material. 

1.4 Scope of this study 

The second chapter presents the literature review with results about cement hydration and 

nanostructure of cement hydration products, information on the synthesis of carbon nanotubes 

and their main characteristics. Test results of Portland cement composites are presented next. 

Finally the current state-of-art of composites prepared with cement and carbon nanotubes is 

reviewed in details. 

The third chapter describes the materials and methods used during the synthesis of carbon 

nanotubes and nanofibers on clinker particles and other materials. The characterization of the 

produced nano-structured cement is shown in the second part of this chapter. 
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The materials and methods involved during the preparation and testing of mortars 

containing the nano-structured cement are presented in the fourth chapter. The results of these 

tests are also described and analyzed. 

The conclusion of the investigations is described in chapter five. Some propositions are 

made concerning future research. 

The work is completed with a list of references and an appendix. The annexes show 

details of the performed tests and respective analysis as well as a list of publications involving 

this doctoral study. 
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2   

LITERATURE REVIEW 

2.1 Portland cement 

2.1.1 Production 

The origin of Portland cement (PC) is linked to Louis Vicat, a French engineer who 

published a work on the calcination of limestone and clays that makes a material that hardens 

after mixing with water (VICAT, 1818). However, it was after the patent of Joseph Aspdin, a 

British bricklayer, in 1824, that Portland cement got his name (of the Portland peninsula from 

where the prime materials were extracted). 

Portland cement is the product of the heating of limestone, clays and other corrective 

minerals (ex. iron ore or bauxite) to approximately 1400 °C sintering temperature in a cement 

kiln. First all ingredients are dosed in the correct composition and ground. The resulting 

powder is called raw mixture. This raw mixture is then heated progressively first in cyclones 

using residual heat, then in the cement kiln. In the first phase of the clinker formation process 

free water evaporates at 100 °C. At 340 °C dolomite decomposes to MgO and CO2: 

              . (2.1)1 

After further heating, at 800-900 °C calcium carbonate is decomposed following the 

equation: 

                                                 

1
 Mehta and Monteiro, 1994 
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              . (2.2)2 

Most of the decarbonation process occurs before the material enters the cement kiln. 

At temperatures over 550 °C clay minerals lose their combined water and form tricalcium 

aluminate (cement chemist notation C3A) and tetracalcium aluminoferrite (C4AF) with free 

CaO. At 900 °C belite (dicalcium silicate, C2S) phase begins to form catalyzed by present Al 

and Fe: 

                    . (2.3)3 

At 1250-1280 °C part of the material melts (this phenomenon is called sintering) that 

helps chemical reactions occur. When the material reaches 1400-1450 °C alite (tricalcium 

silicate, C3S) phase forms: 

                        . (2.4)4 

During the cooling process, part of the C3S phase decomposes in C2S liberating free 

CaO, in function of the speed of cooling. If the cooling is too slow, a greater part of C3S 

decomposes which results in a lower quality cement. The cooled material agglomerates in 

nodules of approximately 5 to 25 mm. The obtained clinker is then ground together with 

gypsum to adjust cement setting time and quality. Blast furnace slag and other pozzolanic 

materials can also be added. The different cement types and their composition are regulated in 

Brazil by the NBR 5732 (CP I – normal Portland cement), NBR 11578 (CP II – composite 

cement), NBR 5735 (CP III – slag cement), NBR 5736 (CP IV – pozzolanic cement) and 

NBR 5733 (CP V ARI – high initial strength cement) standards. The typical chemical 

composition of the Portland cement is 50-70 % C3S, 15-30 % C2S, 5-10 % C3A, 5-15 % C4AF 

and 3-8 % of other additives or minerals (such as free CaO and MgO). 

Cement production, especially the clinker formation process is considered to have high 

environmental impact. This impact includes a significant CO2 release that represents 

approximately 5 % of global CO2 emission (WBCSD-IEA, 2009). This emission is composed 

principally of decarbonation of limestone and cement kiln fuel combustion. There is high 

demand to reduce this emission. When comparing the environmental impact of reinforced 

                                                 

2
 Mehta and Monteiro, 1994 

3
 Mehta and Monteiro, 1994 

4
 Mehta and Monteiro, 1994 
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concrete and steel buildings, it can be seen that a reinforced concrete beam results in less air 

and water pollution and less energy consumption than a steel beam, even using more than the 

double of resources. The only parameter in which the reinforced concrete beam appears to 

have higher environmental impact is the greenhouse-effect gas emission (STRUBLE and 

GODFREY, 2004). According to Mehta (2009), the reduction of this emission could be 

achieved using three tools: (1) consume less concrete using innovative architectural concepts, 

structural design and high durability concrete, (2) consume less cement in concrete mixtures 

considering 56 to 90 day compressive strength instead of 28 days and using the newest 

generation admixtures and (3) consume less clinker in cement incorporating fly ash, blast 

furnace slag, rice husk ash or silica fume which ingredients does not additionally emit 

CO2.On the other hand, due to high temperature and oxidative environment in cement kilns, it 

is possible to incinerate some hazardous wastes effectively. 

2.1.2 Cement hydration 

One of the most actively researched fields of cement science is the hydration and 

formation of hydrated compounds. When Portland cement is mixed with water (H), many 

different types of hydrated compounds will form. These compounds are mainly ettringite, 

monosulfate, calcium silicate hydrate and calcium hydroxide. 

After the mixture with water, first gypsum (calcium sulfate) dissolves in its ionic 

compounds followed by the calcium and aluminate ions of C3A. This solution gets rapidly 

saturated and some materials precipitate. The formation of the hydration products is a 

function of the composition of these dissolved materials and thus of the initial composition of 

the cement paste mixture. The most active C3A phase reacts with the dissolved sulfates to 

form rod-like ettringite (AFt) crystals (stage 1 on Figure 2.1). This reaction is highly 

exothermic. 

After that the heat liberation is reduced during the so-called induction or dormant 

period (stage 2 on Figure 2.1). Two or three hours after the mixing with water alite (C3S) and 

belite (C2S) start to react and form calcium silicate hydrate (C-S-H) and calcium hydroxide 

(CH) crystals. C-S-H is often called gel. The grains react from their surface inwards and the 

hydration reactions goes on as long as not hydrated cement grain cores are available. Since 

each cement grain is composed of the different cement phases, again all types of hydration 

products can form as the cement grain hydration goes on and the water penetrates into the 
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grain. The formation of C-S-H in this phase (stage 3 and 4 in Figure 2.1) is mainly responsible 

for the strength of hydrated cement. 

 

Figure 2.1– Evolution of heat liberation during cement hydration. Source: Bentz et al., 1994 

The hydration of calcium silicates occurs following these equations (MEHTA and 

MONTEIRO, 1994): 

                   ; (2.5)5 

                  . (2.6)6 

It is seen, that C3S generates more CH than C2S. C3S hydrates more rapidly and thus 

contributes to the early age (2-3 h to 14 days) strength; meanwhile C2S hydrates slower and 

contributes to the strength after one or two weeks. Their hydration product, C-S-H forms 

lamellas bonded covalently or non-covalently – by van der Waals forces or by adsorbed water 

on the surface – between each other. The appearance of the C-S-H is highly influenced by the 

C/S relation of the cement. 

It is seen also, that the hydration of both types of calcium silicates liberates calcium 

ions which concentration will increase. Because of the relationship between the concentration 

of sulfate and calcium ions, and also the aluminate ions liberated by the hydrating C4AF 

phase, monosulfate (AFm) will be more stable than ettringite. The calcium and aluminate ions 

will interact with the still present sulfate ions and also partly with ettringite to slowly form 

monosulfate (POURCHET et al., 2006). 

                                                 

5
 Mehta and Monteiro, 1994 

6
 Mehta and Monteiro, 1994 
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Calcium silicate hydrates being formed do not have a specific stoichiometric ratio and 

have generally poorly crystalline structure. Some 44 different natural minerals and their 

varieties have been already identified as possible forms for calcium silicate hydrates amongst 

them the most relevant ones are tobermorite, jennite and jaffeite types (RICHARDSON, 

2008). The resulting type of C-S-H is influenced mostly by the initial composition of cement, 

but also depends on the presence of admixtures and on the curing time and conditions. The 

tensile brittle behavior of C-S-H is due to the inherent characteristics of its constituents. 

Jennings et al. (2007) used a nanoindentation technique to identify two different types of C-S-

H in cement phase by mechanical characteristics. According to the moduli measured from 

several indentations two peaks, corresponding to the two – low-density and high-density – C-

S-H, were clearly identified. It is not well known which parameters (cement composition, cure 

conditions) are responsible for the formation of each type of C-S-H. 

The general form of C-S-H is an agglomerate of nearly amorphous lamellae. Each 

lamella is formed by a double layer of CaO crystals with silicate ions linked on both sides, as 

shown in Figure 2.2. The space between the lamellae is filled with water and dissolved ions. 

Water in the hardened cement matrix is classified in four groups: (1) capillary water, that is 

present in the greater cavities, where the distance between the C-S-H sheets is bigger than 

some tens of nanometers; (2) fisically adsorbed water on the surface of lamellae, where the 

distance between the sheets is in the order of some tens of nanometers; (3) interlaminar water, 

which participates in the link between lamellae at some nanometers distance; and (4) water of 

the crystals which is chemically linked to the hydration products. The loss of the capillary 

water has low influence on the volume of the hardened paste. The remove of the adsorbed 

water causes drying shrinkage or creep, if the loss of water is due to mechanical loading. The 

loss of interlaminar water occurs by intensive drying and results in massive volume loss of C-

S-H. The water of crystals can only be removed by calcination at high temperatures and 

decomposition of hydration products.(MEHTA and MONTEIRO, 1994) 
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Figure 2.2– Nature of bonds between C-S-H lamellae. Source: Ramachandran and Feldman, 1996 

The position of C-S-H lamellae is aleatory with some parts linked between each other. 

These links may occur directly between the silicates of the lamellae, or through other 

molecules or ions (hidroxyl, calcium hydroxide, see Figure 2.2). The nature of these bonds is 

principally ionic or covalent, but can be also by hydrogen bridge or by van der Waals 

attraction. (PELLENQ et al., 2008) 

The hardened cement paste is porous even after the most efficient compacting. This 

occurs because the formed crystals occupy less volume than the sum of cement and mixing 

water. These pores are in the region of macro-, mezo- and micro pores. The pores of the 

smallest diameter are capillaries between the agglomerates of C-S-H or other hydration 

products. 

C-S-H lamellae form particles of the size of tens of nanometers. These particles make 

agglomerates of the size of microns. The set of these agglomerates form centimeter size 

minerals. 

To enhance cohesion of C-S-H and mechanical behavior of hardened paste, Gleize 

(2008) suggests two main strategies: 

 Control of the nanoporosity of C-S-H and the interlaminary distance, in order to assure 

the continuity and uniformity of bonds; 

 Reinforcement of the bonds between lamellae, possibly with the incorporation of 

fibers or other materials (polymers) that give ductility to the composite. 
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It is important to know, that meanwhile standard concrete or mortar strength is 

achieved at 28 days, hydrated cement never stops to continue hydrating and – depending on 

the climatic conditions which the structure is exposed to – continues gaining strength. 

The ratio of the cement’s constituents influences the strength achieved at different 

ages of the concrete and other characteristics. The set time depends on the C3S/C2S ratio, with 

faster setting at higher C3S contents. Higher C4AF content slows hydration. Sulfate resistant 

cements contain less C3A. Another important factor on cement hydration speed is the fineness: 

smaller grains are easier to hydrate. Cement hydration is a highly exothermal reaction. With 

higher hydration speed more heat will be generated that can damage concrete if exceeds a 

certain limit. Also the amount of heat liberated can cause a differential drying of the concrete 

structure causing cracks. The hydrated cement has pH between 12 and 13. This gives a 

protection to steel reinforcing bars. If the pH lowers, the protection ceases its effects. 

2.1.3 Admixtures for cement paste, mortars and concrete 

Organic admixtures such as milk, blood or eggs were used already by antique Romans 

and also in the middle ages to enhance water resistance of concrete or for tinting. It was later 

discovered, that water to cement (w/c) ratio of the mix highly influences the final strength of 

concrete. Although the amount of water necessary to totally hydrate the cement is 

approximately 30 % of the cement mass (JOLICOEUR and SIMARD, 1998), the amount of 

mixing water used is generally higher in order to secure good workability and casting 

characteristics to the fresh concrete. This additional water will not compose hydrates with the 

cement, thus it will leave pores in the hardened matrix after evaporation. These pores are 

imperfections of the matrix and will be possibly the origin of cracks. 

In order to reduce the amount of water used in a concrete mix, special surfactant 

agents as modern concrete admixtures have been developed to assure workability while 

reducing w/c ratio. Besides water reducing, some admixtures have effects also on other 

characteristics of fresh or hardened cement paste, such as retarding or acceleration of setting 

and hardening, air-entraining, etc. These characteristics also help to achieve a 

concrete/mortar/cement paste with the desired behavior at fresh or hardened state (ACI E-701, 

2003). 

The first generation water reducing admixtures were based on salts of lignosulfonic 

acids, a by-product of the paper industry. Its main effect is called electrostatic repulsion and 

consists of fixing charged particles (in the case of lignosulfonates positively charged) on the 
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surface of cement grains so that they will repel each other and assure more fluidity to the mix. 

Lignosulfonate based plasticizers can reduce the amount of water needed by approximately 5 

%. They tend to entrain air and have set retarding effect due to their polysaccharide content. 

Second generation water reducing admixtures were already designed to avoid such 

fact. They were mainly ionic (both cationic and anionic) surfactants, giving a charge to the 

cement particles to create repelling and dispersing effects between them. Some typical 

chemical compositions of these admixtures are sulfonates of (poly)naphthalene or melamine. 

The newest generation of water reducing admixtures is based on polycarboxylate-

ethers. They can reduce the amount of water necessary for the same consistence by up to 40 

%. Their effect is based rather on steric repulsion of cement particles. The polycarboxilates 

are composed of a comb-like structure with a primary chain and lateral ether chains. It is the 

carboxylate groups of the main chain that assure adsorption to the cement particles, while the 

side chains provide the steric hindrance effect. The behavior of the polycarboxylate thus 

depends on its structure. The number of carboxylate groups and the length of the main chain 

affect the adsorption and the length and the number of ether side chains influence the 

dispersive ability (YOSHIOKA et al., 1997). The comb-like superplasticizers may have a 

longer duration as the graft chains of the adsorbed molecule can remain active until the 

hydration products have incorporated them (FLATT and HOUST, 2001). 

Since the behavior of concrete admixtures depends on various factors such as cement 

and aggregate type and composition, it is advisable to perform trial mixtures in order to 

determine the correct type and dosage of the admixture, with respect to the needed fresh state 

or hardened characteristics. 

Flatt and Houst (2001) state that admixtures can interact with cement particles in three 

ways. They can be adsorbed on the cement grain surface, may be consumed by intercalation, 

coprecipitation or micellization forming an organo-mineral phase, or can remain in solution. 

Adsorption characteristics of admixtures on cement are generally related with their efficiency, 

but some care should be taken when performing adsorption tests. Adsorption and plasticizer 

efficiency measurements should be performed by saturated (high concentration) admixture 

solutions; otherwise the consumption of the surfactant in the organo-mineral phase will be 

more important. When wetting cement particles, a so-called double Stern layer is created 

around them. The positive Ca and Mg ions enter into solution leaving a negatively charged 

core composed of mainly silicates. Therefore the inner Stern layer is composed of positive 

ions and water meanwhile the outer Stern layer is composed of negative ions and water. If the 
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admixture is anionic, it will thus be adsorbed in the outer Stern layer. At the same time, a 

cationic molecule will be adsorbed in the inner Stern layer, which is slightly more difficult, 

since the admixture molecule have to cross the outer layer first (ZHANG et al., 2001). The 

adsorption characteristics of the same admixture on different cement mineral phases may be 

different, as it was demonstrated by Yoshioka et al. (2002). 

The organo-mineral phase is composed by the admixture molecules and dissolved ions 

from cement. Complexes formed by sulfates and admixture consume more sulfate and thus 

will favor AFm formation rather than AFt in the hardened paste. Complexes formed by 

admixture molecules and calcium or C-S-H have also been observed (UCHIKAWA et al., 

1995; FLATT and HOUST, 2001). 

Puertas et al. (2005) found that water reducing or superplasticizer admixtures 

generally cause delay in early hydration and retardation of setting. This phenomenon may be 

explained by the competitiveness between admixture molecules and dissolved ions of cement 

particles to form hydration products or organo-mineral phase. Admixture molecules adsorbed 

to the cement particle surface block the way for ions of the cement particle to enter in 

solution. The presence of admixtures during cement hydration also limits the dissolvable ion 

quantity as the mixing water already contains a dissolved phase (the admixture) and becomes 

saturated more rapidly. At early hydration ages a difference in the pore structure of hardened 

paste was observed by Puertas et al. (2005) when applying admixtures, but no difference was 

shown in the mineralogical composition and morphology of hydration products. 

2.2 Carbon nanotubes 

Carbon nanotubes (CNTs) are a special form of carbon. They were already used – 

although involuntarily – to reinforce Damascus steel in the 17
th

 century. The modern era 

discovery of CNTs is discussed by Monthioux and Kuznetsov (2006), but it was without any 

doubt after the work published by Iijima (1991) that CNT research gained focus, most 

probably because of the extraordinary mechanical, thermal optical, chemical and electric 

characteristics of CNTs. These features allowed already the use of CNTs in some commercial 

applications (polymer composite bicycle components, hydrogen sensors), but many further 

applications are subject of ongoing research. The possible applications of CNTs are in the 

fields of molecular electronics, energy storage, nanomechanic devices, biotechnology and 

composite materials (DAENEN et al., 2003).Today one of the main obstacles in the 
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development of new CNT based materials and devices are the costs of production, 

purification and functionalization. Also, there is little experience in the up-scaling production 

from laboratorial size to industrial. 

CNTs are long, rolled graphene sheets. According to the number of sheets, single 

walled carbon nanotubes (only one sheet, SWCNTs) and multi walled carbon nanotubes 

(more than one sheet, MWCNTs) can be differentiated. The number of walls can be up to 40 

or 50. The chirality – the direction in which the grapheme sheet is rolled – is a characteristic 

of every single nanotube wall. According to the chirality of the SWCNTs, they can be 

classified as armchair, zig-zag or chiral structure (Figure 2.3). Chirality is characterized by a 

vector (n,m), where n and m are the unit vectors on an imaginary infinite grapheme sheet. 

These structural differences may result in different mechanical, electric or thermal behavior. It 

remains still a challenge to have a total control on CNT chirality during the synthesis 

(especially for MWCNTs).Nowadays there are only some theoretical studies on the 

comparison of the mechanical properties of SWCNTs with different chiralities. It is supposed 

that zig-zag type CNTs have slightly lower tensile strength than armchair structure CNTs 

because of the parallel position of some of the covalent links between carbon atoms to the 

axis of the nanotube and loading (NATSUKI et al., 2004; RANJBARTOREH and WANG, 

2010). 

 

Figure 2.3– Different CNT chiralities according to the direction of rolling of the graphene sheet with possible 

chirality vector coordinates. Y axis is the direction of the CNT axis and X axis is the direction in which the 

graphene sheet is rolled. Source: Dresselhaus et al., 1995 
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In practice, CNT structures are not perfect: they show defects and deformations. These 

defects show up where a hexagon in the graphene sheet is replaced by a pentagon or 

heptagon, or can be a result of the presence of impurities. Also, different materials and 

particles can be built inside the CNT. These points of defect bring other important 

characteristics to CNTs and thus are often introduced in a controlled way. These 

imperfections and functional groups linked to them are an important factor in functionalizing 

(preparing to use) CNTs, because pristine nanotubes are hydrophobic, have low reactivity and 

tend to stay together due to the attraction of van der Waals forces. 

The so-called carbon nanofibers (CNFs) are different from conventional carbon fibers. 

Nanofibers have significantly smaller diameter (10-200 nm in comparison with fiber’s 7-15 

μm diameter) and have a different, tube-like structure. CNFs are also different from CNTs, 

which have even smaller diameter and are formed by ordered graphene layers along with the 

axis; while the orientation of the layers of a CNF is at an angle to the axis (Figure 2.4). 

 

Figure 2.4– Schematic comparison of structure and diameter of carbon nanotubes, nanofibers and fibers. Based 

on Mori and Suzuki (2010) 

2.2.1 Synthesis 

The growth mechanism of CNTs is still an object of ongoing research. Current 

synthesis methods are based on applying energy on a carbon feedstock to liberate carbon 

atoms that will self-assembly in nanotubes in the presence of a catalyst. The two main CNT 

growth theories are the root growth and the tip growth theory (Figure 2.5). 
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Figure 2.5– Growth mechanisms of CNTs. Source: Daenen et al. (2003) 

The main CNT synthesis methods used are arc discharge, laser ablation, flame 

synthesis and chemical vapor deposition (CVD). Even in a simple paraffin wax candle’s 

flame CNT formation was observed (LI and HSIEH, 2007), which demonstrates that any 

combustion of carbonaceous material may synthesize CNTs. The soot in the air we breathe in 

contemporary urban ambiance can contain CNTs (MURR et al., 2004) and there is some 

evidence, that nanotubes were present in prehistoric atmosphere also (ESQUIVEL and 

MURR, 2004). 

In arc discharge, carbon vapor is created between two carbon electrodes, and 

nanotubes form from this vapor. CNTs grown by arc discharge have high impurity but their 

size is highly controllable. 

Laser ablation technique uses a high power laser beam to decompose a carbon 

feedstock (hydrocarbon gas) in its constituents in order to form CNTs. The product of laser 

ablation is of high purity but the method is not too productive. 

The CVD is the pyrolysis of hydrocarbons at temperatures generally between 500-

1000 °C over transition metal catalysts supported on a stable material (Figure 2.6), and it is 

proved to be a promising method for large scale production of CNTs. The product is of high 

purity and the technique is relatively economic. Numerous catalyst-support combinations, 

carbon source and carrier gas and synthesis conditions (temperature, process duration and gas 

flow rate) have been tested to grow CNTs. Vesselényi et al., (2001) compared the catalytic 

activity of the binary combinations of cobalt, nickel, iron and vanadium catalysts and two 

types of zeolite and alumina supports using acetylene as carbon source; Songsasen and 

Pairgreethaves (2001) used liquefied petroleum gas and zeolite supported nickel. On the other 

hand Gournis et al., (2002) managed to grow CNTs on clay minerals with acetylene. The 
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catalytic activity of different support-catalyst combinations and the product morphology was 

compared in the work of Kathayini et al. (2004). The authors prepared the combinations of 

Fe, Co and Fe/Co particles as catalyst and Ca and Mg oxides, hydroxides and carbonates as 

support, and these catalysts showed significant differences in the carbon yield and 

morphology using the same synthesis parameters. They successfully identified some support-

catalyst combinations that proved to be efficient in CNT synthesis. Recently, Nasibulin et al. 

(2009) and Mudimela et al. (2009) used Portland cement clinker and silica fume, respectively, 

to grow CNTs and carbon nanofibres (CNFs). Yasui et al. (2009) and Dunens et al. (2009) 

reported independently the growth of MWCNTs and CNFs on fly ash with or without further 

iron addition. 

 

Figure 2.6– Schematic view of a CVD reactor. The gases used in this case are argon and acetylene. 

An important value to evaluate CNT growth efficiency of a catalyst-support 

combination at given synthesis conditions is carbon yield (Y): 

   
          

     
    , (2.7)7 

where w1 is the catalyst’s initial weight, w2 is the weight loss of the catalyst at the reaction 

temperature and w3 is the total weight of the carbon deposit and the catalyst (COUTEAU et 

al., 2003). 

Other important properties of CNTs are size, aspect ratio, number of walls and 

morphology. These properties are mainly influenced by catalyst preparation and catalyst 

particle size (RÜMMELI et al., 2007). The size of the catalyst crystallite has a great influence 

on the diameter of the nanotube to be grown (KHASSIN et al., 1997). Theoretically any 

combination of a transition metal catalyst and a support material that remains stable at the 

                                                 

7
 Couteau et al., 2003 
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process temperature can be used for CVD CNT synthesis, but Fe, Ni and Co are the most used 

catalysts on a high surface area support. 

The gases used as carrier for CVD process are mainly N2 and noble gases as Ar. The 

carbon source used is mainly a hydrocarbon gas (methane, ethylene, acetylene etc.), but 

carbon monoxide or heavier hydrocarbons are also an alternative. 

Carbon yield and product quality are dependent of catalyst type and preparation 

method, type and flow of gases and process temperature and time. 

The price of CNTs is still high, but falling, due to the high capacity of CNT production 

facilities being installed. Couteau et al. (2003) developed a continuous, large scale CNT-

production CVD method using a rotary-tube oven (Figure 2.7). The application of such a 

continuous production line would raise significantly the production capacity and thus, reduce 

prices. 

 

Figure 2.7– Rotary CVD furnace for continuous CNT synthesis. Source: Couteau et al. (2003) 

 

2.2.2 Functionalization 

Functionalization of CNTs is the surface treatment process that gives them special 

properties to enable them to be used for specific applications. As CNTs have a perfect carbon 

structure and are highly hydrophobic, it is essential to use surface treatments to make them 

applicable in composite materials such as Portland cement (PC) paste. The aim of these 

treatments is to attach some specific functional groups on the surface of CNT to change their 

characteristics and also to remove amorphous carbon, catalyst particles or any other 

impurities. The functional groups are mainly attached to nanotube caps or local defect spots. 

Some of these processes use oxidation of the carbon material of the nanotubes to attach 
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functional groups; other methods involve the – covalent or non-covalent – attachment of a 

specific molecule. 

Many methods and materials have been tested to functionalize CNTs. Shaffer et al. 

(1998) present a method based on aqueous nitric and sulfuric acid treatment of MWCNTs to 

attach oxygen containing functional groups on their surface. Using FTIR spectroscopy the 

authors observed the presence of carboxyl groups. The so-treated nanotubes dispersed in 

water with ease. Datsyuk et al. (2008) compared some different CNT-functionalization 

treatments. The used nanotubes were multiwalled. The compared methods were based on 

hydrochloric acid, nitric acid, piranha solution (a mixture of sulfuric acid and hydrogen 

peroxide) and ammonium and hydrogen peroxide treatments. When evaluating the aqueous 

dispersion, the authors found that the mentioned functionalization methods were efficient with 

the exception of hydrochloric acid treatment. A functionalization method based on ozone 

treatment in hydrogen peroxide was developed by Naeimi et al. (2009). XPS studies showed 

the attachment of carboxyl groups on the MWCNTs. The ozone treatment is much milder than 

the above mentioned acid treatments, and so damages less the CNT structure. Furthermore, 

ozone can be generated and used for treatment under much simpler conditions than acids. 

Meanwhile, it is still able to attach carboxyl groups to CNTs, as it was found in the 

comparative study of Sulong et al. (2009). 

The injection of ammonia during the synthesis process incorporates nitrogen atoms 

into the CNT structure. The alterations caused by this incorporation are bamboo-shape 

structure and amino functional groups on the surface of the nanotubes (MI et al., 2005; 

ŢIRPIGAN et al., 2007). 

The above mentioned methods introduce functional groups covalently bonded to 

CNTs. Besides this, non-covalently bonded surfactant molecules can also change CNTs’ 

characteristics including better dispersion in water. Twenty-four different surfactants and 

polymers were tested by Moore et al. (2003) to disperse nanotubes in water. Earlier, 

Bandyopadhyaya et al. (2002) achieved a good aqueous CNT dispersion using a natural 

polymer: gum arabic. Liu et al. (2007) dispersed MWCNTs in water that were previously 

grinded together with sodium lignosulfonate, which is considered a mild treatment method. 

The amount of sodium lignosulfonate was 1 g for 0.1 g of MWCNTs. 
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2.2.3 Mechanical characteristics 

Although it is very difficult to directly measure mechanical characteristics of CNTs 

such as axial and flexural strength, strain at ultimate and Young’s modulus, many tests have 

been performed on single CNTs to determine their mechanical characteristics. The obtained 

values are one of the highest among all known materials. Demczyk et al. (2002) measured 

directly the tensile and flexural behavior of MWCNTs. The obtained tensile strength of 12.5 

nm diameter nanotubes was 0.15 TPa. They reported also the flexural robustness of CNTs, as 

the nanotube was bent over itself during a flexural test in atomic force microscopy. The 

calculated elastic modulus was 0.91 TPa. Earlier Falvo et al. (1997) observed MWCNTs 

under bending and reported the nanotubes sustaining local strain up to 16 %. Yu et al. (2000) 

tested 19 MWCNTs under tensile loading and measured strengths between 11 and 63 GPa and 

elastic modulus between 270 and 950 GPa. The Young’s modulus of CNTs with different 

structures was compared by Salvetat et al. (1999). The authors concluded, that the more 

ordered the tube walls are, the higher its Young’s modulus will be. In Figure 2.8 typical 

modulus values are presented in the case of perfect, wavy and bamboo-like nanotube wall 

structure. When CNT’s are agglomerated, these properties are significantly reduced. Even 

though, Li et al. (2000) performed tensile tests on macroscopic ropes of roughly aligned 

SWCNTs impregnated by PVC resin. The mean value of 3.6 GPa of tensile strength is similar 

to that of commercial carbon fibers. 

 

Figure 2.8– Typical Young’s modulus values vs. disorder of CNT walls. Source: Salvetat et al. (1999) 

Experiences show that MWCNT shells are able to slip telescopically, at a relatively 

low load level (CUMMINGS and ZETTL, 2000). It was also reported, that a failure in the 

outermost layer of a MWCNT would lead to the pull-out and the total failure of the nanotubes 

in case of tensile loading (YU et al., 2000). 
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As it was observed by Lu et al. (1996), ultrasound may cause damages on the CNTs 

breaking and stripping the outermost graphitic layers. When the treatment of the nanotubes 

involves sonication care should be taken in order to avoid the deterioration of the nanotube 

structure. 

2.3 Composites 

2.3.1 Portland cement composites 

Portland cement concrete is the second most used product in the world after water. 

There are two main directions in which concrete developed: (1) a compacter, less permeable 

concrete with the addition of fine materials and (2) the addition of fibers to enhance tensile 

characteristics that would affect permeability too, because of limited cracks. 

In order to make concrete more resistant to climate and corrosive effects some fine 

aggregates were added to achieve higher density, less porosity and higher impermeability. For 

these purposes, materials with smaller particle size than those of the Portland cement particles 

can be used. As price is an important factor, many industrial by-products have been 

incorporated and tested in concrete to attain better performance. Many of these materials have 

pozzolanic effects or help the formation of cement hydration products. Nowadays fly ash, 

silica fume, blast furnace slag and rice husk ash are used in industrial scale to achieve a better 

performing concrete or simply to reduce production costs. 

Blast furnace slag is a steel-making byproduct that contains mainly impurities of the 

produced steel. These impurities are mainly calcium and silica, the same materials that 

constitute Portland cement. In order to be used in conventional cement, the slag has to be 

ground to the fineness of cement particles. Slag cements have slower hydration speed and 

higher set time than conventional Portland cement. 

Fly ash is produced in huge amounts in power plants during the combustion of coal. It 

is a fine powder containing pozzolanic materials, such as SiO2, CaO and Fe and Al oxides. 

The use of fly ash in concrete leads to a higher final strength and durability at lower hydration 

speed. 

Silica fume is today’s most used mineral admixture of high strength concrete. It 

consists of amorphous SiO2 particles of high fineness and surface area. Silica fume is a 

byproduct of silicon and ferrosilicon production and is a highly pozzolanic material. An 
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addition of silica fume up to 10 % of the binder content enhances the final strength and 

durability of concrete. At the same time, the small particles of silica increase water 

demand/reduce workability, increase pozzolanic activity, accelerate the cement hydration 

process and reduce setting time (CHENG-YI and FELDMAN, 1985; DE ROJAS and FRÍAS, 

1996; BHANJA and SENGUPTA, 2005; ACI 234R-06, 2006). 

After the combustion of rice husk, nearly 20 % of the material remains as ash. The ash 

is 92 to 95 % silica, lightweight, highly porous and has a very high surface area. The 

characteristics of concretes containing rice husk ash are similar to those which contain silica 

fume: higher setting speed, higher water demand, higher final strength and higher durability 

(HWANG and CHANDRA, 1997). 

It is clearly seen that the smaller the particle size of these auxiliary materials is the 

better they can fill in the pores of the concrete. But it is clear too that the smaller the particle 

size is the more complicated will be the handling and application of these additional materials. 

Li et al. (2004b) studied the effect of the addition of SiO2 and Fe2O3 nanoparticles on 

cement mortars. With the incorporation of these particles in the rate between 3 and 5 % of the 

binder content gains up to 26.0 and 27.1 % in compressive and flexural strength respectively 

have been achieved. This gain in strength was due to filling in pores and by the catalysis of 

cement hydration product formation by the nanoparticles. This fact was also analyzed in the 

work of Li (2004) in which tests performed on Portland cement concrete made with fly ash 

and nano-SiO2. The results showed higher heat liberation through the early stages of hydration 

of the concrete due to the addition of SiO2 nanoparticles averaging 10 nm in size. Change in 

the concrete weight during the cure was also observed: specimens containing 4 % nano-

SiO2with respect to the binder content had a significant mass gain at early ages when cured in 

saturated lime solution. Qing et al. (2007) also witnessed higher compressive strength of 

mortars incorporating nano-SiO2 than plain cement mortar reference. Other effects observed 

were higher pozzolanic activity and higher bond strength between cement paste and 

aggregates. 

Electric arc furnace dust (EAFD) is a steel industry by-product and considered 

hazardous waste as it has toxic heavy metal content. It consists mainly of fine, nanoparticle 

fume. EAFD was tested by Flores-Velez and Dominguez (2002) in Portland cement paste 

composites. Its use was found to have a positive effect on the compressive strength at rates up 

to 10% of the cement. In order to resolve some other industrial waste disposal issues, Al-

Otaibi (2008) studied the effect of steel mill scale as fine aggregate in Portland cement 
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mortar. He observed the best enhancement in cement mortar compressive and flexural 

strength with the addition of steel mill scale at the ratio of 40 % of the fine aggregate. The 

durability of such composites was not analyzed neither in the work of Flores-Velez and 

Dominguez nor in that of Al-Otaibi. 

The other way to improve concrete performance is to add fiber-like materials that have 

high tensile strength and can bridge cracks and prevent them from opening. In fiber-

reinforced concrete (FRC) steel, glass, synthetic and natural fibers are used. Typical fiber 

content of a FRC is between 0.1 and 3 % of the binder content. Today’s commercially used 

fibers enhance a little the flexural strength of concrete: they are used mainly for cracking 

control and to help to achieve higher durability. Normally the flexural strength gain is not 

considered at the strength of the structure itself. The main reason for this is that there is not a 

known, reliable procedure to evaluate the efficiency of fiber dispersion, which is a key issue 

in the mechanical behavior of these composites. Carbon microfiber dispersion in Portland 

cement composites was investigated by Chung (2005). The issues of fiber dispersion and 

bonding between the fibers and the cement matrix were carefully analyzed. The results 

showed that microscopy does not give correct information about the degree of fiber 

dispersion. For composites with conductive fibers in a content below the percolation 

threshold, the electrical conductivity may indicate the degree of dispersion, as better dispersed 

fibers reduce the electrical resistance of the composite (Figure 2.9). To improve the dispersion 

silica fume was used: the silica size is similar to the fibers’ which allow them enter between 

the fibers and open the bundles. This fact was confirmed by the reduction of the composite’s 

resistivity. Commercially available surfactants were also employed to achieve better fiber 

dispersion. The addition of polymer dispersants resulted in lower composite resistivity and 

higher tensile strength. 

 

Figure 2.9– Fiber dispersion below the percolation threshold: (a) poor dispersion; (b) good dispersion. Source: 

Chung (2005) 
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Surface treatment of the fibers is also a powerful tool to help dispersion and to 

improve bond to the matrix. The use of ozone treatment (FU and CHUNG, 1998) or silane 

treatment (XU and CHUNG, 1999) on pristine fibers resulted in 14 and 56 % gain in tensile 

strength of the cement composite respectively. Furthermore, Young’s modulus and ductility 

of the composites were significantly enhanced. 

The positive effect of silica fume on carbon fiber dispersion was confirmed by 

Sanchez and Ince (2009). A pore refinement phenomenon in carbon fiber-cement composites 

was observed when incorporating silica fume. The volume of pores in the diameter range of 6 

to 200 nm increased as a result of the creation of an inter-fiber pore mesh. On the other hand, 

no gain in tensile or compressive strength was achieved. 

Chung (2001) compared the reinforcing effect of CNFs to that of conventional carbon 

fibers in cement based composites. CNFs were not found to be as efficient to reinforce 

cement-based composite materials as carbon fibers were, but still provided some enhancement 

in the tensile properties of the concrete. 

2.3.2 Portland cement-carbon nanotube composites 

As mentioned by Baughman et al. (2002), the most important challenges of a CNT-

composite are uniform dispersion and CNT-matrix bond allowing efficient stress transfer. 

Because of the costs involved, most of the accessible works published by now analyze the 

behavior of composites in small specimens, made by the physical mixture of CNTs in the 

cement matrix – plain cement paste or cement mortar. Both destructive and non-destructive 

test were used to evaluate the behavior. 

The destructive strength tests generally are performed on plain cement paste or mortar 

specimens with sizes up to 40 mm × 40 mm × 160 mm with maximum concentrations of 

CNTs in the order of 1 % of the binder content (MAKAR and CHAN, 2009; CHAIPANICH 

et al., 2010 and KUMAR et al., 2012).Although this 1 % limit seems to be due to economical 

reason, there should be an upper limit also of the CNT concentration in cement matrices 

which provide positive effects. Makar and Beaudoin (2003) suggests this upper limit between 

2 and 10 %;on the other hand Melo (2009), Collins et al. (2012) and Kumar et al. (2012) 

observed reductions in strength with CNT concentrations above 0.5 % with respect to the 

binder content. Higher CNT concentrations will not disperse well and will form clumps that 

can be the origin of cracks, thus weakening the composite. 
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Non-destructive methods include Vickers hardness measurement and nanoindentation. 

Using Vickers hardness tests, Makar et al. (2005) analyzed the effect of CNT addition to 

cement pastes: no enhancement was found, but CNTs bridging cracks were observed (Figure 

2.10) in the scanning electron microscopy (SEM) images. Ibarra et al. (2006) measured the 

hardness of cement pastes containing SWCNTs and MWCNTs by atomic force microscope 

(AFM): the effect of CNT addition was found to be negative, probably due to dispersion 

issues. When clumps of agglomerated CNTs exist in cement matrix, they act more like 

imperfections and possible origins of cracks rather than nano-reinforcement. With the use of 

nanoindentation, Konsta-Gdoutos et al. (2010b) reported a 45 % gain in Young’s modulus of 

cement pastes with addition of 0.08 % of CNTs. A higher quantity of high stiffness C-S-H 

was also presented in the cement pastes with CNT addition (KONSTA-GDOUTOS et al. 

2010a). 

 

Figure 2.10 – SEM images of CNTs bridging cracks in a cement matrix. Source: Makar et al. (2005) 

Two basic methods have been developed by researchers to disperse CNTs in the 

cement matrix. One involves the dispersion of the nanotubes prior to mixing with cement, 

generally using dispersing agents (surfactants) and sonication, possibly covalent 

functionalization. The other method tries to disperse nanotubes on the cement particles using 

a non-aqueous medium (MAKAR and BEAUDOIN, 2003) or growing the nanotubes directly 

on the cement grains (NASIBULIN et al., 2009). 
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In the first method the nanotubes need to be surface treated to provide compatibility 

with water based composites. Different nanotube functionalization methods were tested 

including covalent and non-covalent types in order to permit incorporation in aqueous media 

and to provide a good dispersion. 

Covalent functionalization of CNTs for application in cement based composites 

involves mostly carboxyle groups (–COOH). Musso et al. (2009) obtained smaller 

compressive and flexural strength using –COOH functionalized CNTs in cement mortars with 

respect to ordinary ones. Even using pristine CNTs, the results were better than with 

functionalized ones, but not in respect to reference. Following the authors’ explanation, the 

functionalized CNTs may have become so hydrophilic that they adsorbed water and did not 

let the cement hydrate. Xu et al. (2009) also witnessed worse behavior of functionalized 

CNTs than not functionalized ones in both compressive and flexural strength experiments, 

although both mortars incorporating nanotubes had enhanced strength with respect to ordinary 

mortar. At the same time, Li et al. (2004a), Batiston et al. (2008) and Melo et al. (2011) 

obtained significant gains in compressive and flexural strengths of mortars. In all cases, CNT 

dispersion was assisted by surfactants (water reducer or superplasticizer admixtures). 

Batiston (2012) prepared cement paste composites incorporating carboxylated CNTs 

in the proportion of 0.05 to 0.10 % of cement mass after treatment with Ca(OH)2. Mechanical 

strength of such composites did not show any enhancement. Cwirzen et al. (2008) compared 

the effect of the addition of –COOH functionalized and not functionalized CNTs on 

mechanical strength of cement pastes. CNTs with no functionalization had no effect on 

compressive or flexural strength of the specimens; meanwhile the functionalized ones caused 

nearly 50 % gain in compressive strength. Flexural strength remained unchanged when 

comparing with ordinary cement paste. In a later work, Cwirzen et al.(2009) suggest that the 

polyacrylic acid polymer based admixture – that was used in all cases to enhance CNT 

dispersion – did not provide a strong bond between CNTs and the cement matrix. Xu et al. 

(2009) had the same conclusion and supposed that the effect of CNT addition is rather micro-

filling, than real fiber reinforcement. At the same time Makar et al. (2005) observed single 

and bundles of CNTs bridging cracks of approximately 300 nm in cement matrix (Figure 2.9) 

and proposed as an evidence of reinforcing effect of nanotubes. Table 2.1 presents a summary 

of these results on the behavior of Portland cement pastes and mortars incorporating 

covalently functionalized CNTs. 
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Besides covalent functionalization of CNTs, many different surfactants have been 

tested to enhance nanotube dispersion. These surfactants include commercially available 

concrete admixtures of all types and other anionic, cationic and non-ionic dispersants. 

Luo et al. (2009) analyzed the effect of some surfactants – sodium dodecyl benzene 

sulfonate, sodium deoxycholate, Triton X-100, gum arabic and cetyltrimethyil ammonium 

bromide – to disperse CNTs in water and in cement pastes. Significant improvements of 

compressive and flexural strength of cement paste were obtained. On the other hand, no clear 

correlation between the stability of aqueous nanotube suspension and cement paste strength 

was found. Chan and Andrawes (2010) used polyvinylpyrrolidone (PVP) and a long 

sonication process (40 hours) to disperse CNTs in water prior to casting paste specimens. 

Flexural strength improved 47 % and a 25 % gain in toughness was achieved. Comparing the 

effects of gum Arabic and the polyacrylic acid polymer, Cwirzen et al. (2008) concluded that 

gum Arabic has incompatibility problems with concrete and slowed down the cement 

hydration resulting in lower compressive strength. Yazdanbakhsh et al. (2009) studied the 

dispersion of carbon nanofibers (CNFs) in cement matrix. CNFs’ surface areas are smaller 

compared to CNTs’, thus they are easier to disperse. The authors used a method involving 

sonication and two commercially available surfactants: a nonionic difunctional block 

copolymer and a polycarboxylate based water reducing agent. Transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM) images showed poor CNF 

dispersion in cement matrix with respect to water. This fact indicates that a surfactant that 

effectively disperses CNTs or CNFs in water sometimes has negative effects on cement 

hydration and consequently is incompatible with cement composites. Xu et al. (2009) 

suggested that the effect of the addition of CNTs assisted by surfactants is more micro filling 

rather than fiber reinforcing mechanism. The absence of strong bond between cement matrix 

and CNTs can be an explanation to this fact (CHAN and ANDRAWES, 2010). The results of 

these experiments are summarized in Table 2.2. 

Like many other nano-sized materials, the addition of CNTs has effects on the pore 

structure of cement matrix. Li et al. (2004a) observed a 64 % reduction of total pore volume 

and a refinement of pore size due to the addition of CNTs to cement mortars. Metaxa et al. 

(2009) also observed lower pore volume. The reduction of pore size was reported by 

Yakovlev et al. (2006) and Melo et al. (2011). Yakovlev et al. also observed a reduction of 

pore percolation in foam cement concrete blocks reinforced with CNTs. 

 



 

Table 2.1 –Comparison of the results of some works for cementitious composites made by covalently functionalized CNTs 

Author 
Type of 

functionalization 
CNT content CNT aspect ratio Results 

Batiston et al., 2008 Carboxyled 0.25-0.5 % 8.3-375 
22 % increase in compressive strength of PC 

mortars 

Batiston, 2012 
Carboxyled and treated 

with Ca(OH)2 
0.05-0.10 % 17-1500 

No enhancement of compressive and flexural 

strength of PC pastes 

Cwirzen et al., 2008 Carboxyled 0.042-0.15 % 200-400 
50 % increase in compressive strength of PC 

pastes 

Li et al., 2004a Carboxyled 0.5 % 16.7-50000 
19 and 25 % increase in compressive and 

flexural strength of PC mortars 

Melo et al., 2011 Carboxyled 0.3-0.75 % 8000-90000 
12 and 34 % increase in compressive and 

flexural strength of PC mortars 

Musso et al., 2009 Carboxyled 0.5 % 5-1000 
Losses in flexural and compressive strength 

of PC mortars 
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Table 2.2– Comparison of the results of some works for cementitious composites made by surfactant assisted CNT dispersions 

Author Surfactant used CNT content CNT aspect ratio Results 

Chan and Andrawes, 

2010 
PVP 0.25 % Not given 

47 % increase in flexural strength of 

PC pastes 

Cwirzen et al., 2008 PAA 0.006-0.15 % 1000 
No enhancement of compressive and 

flexural strength of PC pastes 

Luo et al., 2009 
SDBS, NaDC, TX-100, 

GA, CTAB 
0.2 % 125-750 

29 and 21 % increase in flexural and 

compressive strength of PC pastes 

Musso et al., 2009 MAP 0.5 % 500-25000 
34 % increase in compressive 

strength of PC mortars 

PVP – polivynilpyrrolidone 

PAA – polyacrylic acid polymer 

SDBS – sodium dodecyl benzene sulfonate 

NaDC – sodium deoxycholate 

CTAB – cetyltrimethyl ammonium bromide 

DBC – difunctional block copolymer 

MAP – modified acrylic polymer 
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According to Batiston et al., (2008), autogenous shrinkage is not influenced by 

nanotube addition in the cement matrix. At the same time, Konsta-Gdoutos et al. (2010a) 

observed a slight decrease in the shrinkage of cement pastes prepared with CNT addition in 

amounts between 0.025 and 0.08 % with respect to cement weight. 

CNTs have also effects on cement setting and hydration. Adding a high surface area 

material to a medium where chemical reactions occur can cause both retardation and 

acceleration of processes, depending on the nature of the surface of that material. Hydrophilic, 

functionalized CNTs can capture water molecules or calcium ions and thus cause setting 

retardation and inhibition of hydration product formation. But when adding not functionalized 

CNTs, they can act as nucleation sites of hydration product formation accelerating setting and 

hardening (BATISTON et al., 2010; MAKAR and CHAN, 2009). 

The morphology and size of CNTs may have also an influence on the behavior of 

cement composites. Konsta-Gdoutos et al. (2010a) compared two types of commercially 

available MWCNTs: a short and a long one, with aspect ratios of 700 and 1600 respectively 

and diameters of 20-40 nm. The amount of CNTs used was between 0.025 and 0.1 % with 

respect to binder content. The results of flexural tensile strength tests showed increase in 

comparison to the reference cement paste in all cases. Maximum enhancement occurred with 

0.08 % of short CNT and 0.048 % long CNT content. Thus longer CNTs act better as 

reinforcement in such composites. 

Some attempts have been made to computationally model such composites. As many 

issues are still to be discovered (the nature and the strength of the link between the CNTs and 

the cement matrix, behavior at different levels of stress), finite element modeling (FEM) can 

be a powerful tool in these investigations. Rouainia and Djeghaba (2008) used a 3D FEM to 

determine the Young-modulus of a SWCNT reinforced concrete composite. They analyzed 

the flexural behavior of a cantilever nano-beam including only one and multiple long and 

aligned SWCNTs in contents between 1 and 3 % with respect to the volume of the composite. 

CNT material properties were based on experimental data. A perfect bond between CNTs and 

cement matrix was assumed. The results revealed a 33 %increase in Young’s modulus of the 

composite when 1 % of SWCNTs was incorporated into the matrix. Further CNT addition 

resulted in a non-linear behavior with decreasing gains in the composite properties. 

A parametric FEM study on the behavior of single MWCNT embedded in cement 

matrix showed significant influence of the nanotube’s elastic modulus on the mechanical 

behavior of the composite. Increasing the CNT modulus from 500 GPa to 2 TPa resulted in an 
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increase of the composite compressive strength by 100 %, while the ultimate strain was 

reduced by 49 % (CHAN and ANDRAWES, 2009). 

Although the assumption of a perfect bond between CNTs and cement matrix remains 

a dream for researchers, it is important to know better the interaction of the two components 

and the effect of this interaction on the structural behavior of the composite. A recent FEM 

study showed a raise of the bond shear strength from 6.5 MPa to 20 MPa – due to a better 

functionalization of the CNTs for example – would lead to significant enhancement in the 

composite mechanical behavior: 141 % increase in flexural strength, 259 % in ductility and 

1976 % in toughness (CHAN and ANDRAWES, 2010). 

In order to determine the possible bond strength between a graphitic surface such as 

carbon nanotubes and C-S-H, Sanchez and Zhang (2008) compared the effect of the type and 

number of functional groups in a molecular dynamics simulation. The functional groups used 

were –NH2, =O, –OH, protonated and deprotonated –COOH (–COO
-
 with Ca

2+
 ions). An 

increase in the interaction energy with increasing polarity of the functional groups was 

observed. The values were compared with the interaction energy between pristine graphitic 

surface and C-S-H. The values using –NH2, =O, –OH and protonated –COOH functional 

groups were 41 to 135 % higher, increasing in this order. Deprotonation of –COOH resulted 

in an increase in the interaction energy with more than an order of magnitude. The nature of 

attractive forces was purely van der Waals in the case of pristine graphitic surface and had an 

increasing proportion of electrostatic forces with increasing polarity. 

CNT-cement composites show piezoresistivity properties. The addition of CNTs 

significantly lowers the resistivity of cement based composites (LUO et al., 2009). Besides, 

the conductivity of such composites changes with the intensity of the applied stresses. 

Conductivity increases with increasing compressive stresses, and decreases with increasing 

tensile stresses. Some studies have shown interesting results on the piezoresistivity behavior 

of composites (LI et al., 2007; GONG et al., 2011; HAN et al., 2011; ANDRAWES and 

CHAN, 2012), including a direct application as sensors for traffic monitoring (HAN et al., 

2009; YU and KWON, 2009). Han et al. (2011) found the existence of an optimal CNT 

content in the composite in order to have the highest conductivity response. This response 

was observed higher with increasing w/c ratio. 

In all previously mentioned investigations high purity and high quality CNTs grown in 

laboratory were employed. They were added to the cement mix mostly in the form of an 

aqueous suspension obtained by sonication and/or by the use of surfactants and 
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functionalization. Nasibulin et al. (2009) reported the growth of CNTs and CNFs directly on 

Portland cement in a continuous process, using the Fe content of the clinker as catalyst 

(Figure 2.11). The authors called the as-received hybrid material carbon-hedgehog composite 

(CHH). The way CNTs and CNFs are distributed on the cement grains itself could lead to a 

better dispersion in the matrix. It is worth mentioning that, during the synthesis of the 

material, the gypsum content of the cement was decomposed, which was confirmed by X-ray 

diffraction analysis. The strength results of cement paste samples with different CNT-CNF-

clinker composite content and made with CHH of different synthesis processes showed a 

reduction of flexural tensile strength with increasing amount of CNT-CNF. The CNT-CNF-

clinker addition to cement paste resulted in more than 100 % gain in compressive strength. 

The presence of CNT-CNF in the cement paste led to significantly higher values of electrical 

conductivity in all cases. 

 

Figure 2.11 – SEM image of cement grain covered by CNTs and CNFs. Source: Cwirzen et al. (2009) 

This high compressive strength gain was confirmed by Cwirzen et al. (2009), who 

compared the mechanical behavior of cement pastes made with differently processed 

composite materials in different concentrations. Cement pastes made with 100 % of the 

composite material showed nearly 100 % increase of the compressive strength. Meanwhile, 

the flexural tensile strength of cement pastes including different proportions of the above 

mentioned material showed decreasing values with increasing CHH content. According to the 

authors, this fact was due to the lower degree of hydration of cement particles. The presence 

of carbon could lead to higher water demand and lower hydration rate – as it was observed at 

the addition of some other carbon-containing materials (for example fly ash) to concrete 

(JOZIĆ and ZELIĆ, 2006). Hlavacek et al. (2011) used the same CHH material to produce 
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mortar and cement paste specimens. Meanwhile paste specimens incorporating CNTs and 

CNFs presented gains in both compressive strength and fracture energy, no improvement was 

shown in mortars produced with the same material. 

2.4 Synthesis of literature 

Nanotechnology offers many tools to bring new and enhanced characteristics to 

existing building materials. One of the first applications is the formation of a nano-composite 

made with a classic material and nano-sized particles. Cement based composites – besides 

having centuries of powerful utilities – have many negative characteristics that can be 

meliorated by the application of nanomaterials. Carbon nanotubes, for example are a good 

candidate to enhance tensile behavior. 

Cement based materials compose a multi-component system. During hydration, this 

multi-component system dissociates in ions and forms other products. The characterization of 

these processes is still subject of ongoing research, since there is not a stoichiometric 

composition of each compound involved. Furthermore, the addition of any other material may 

have impacts in these processes. Aggregates create a weak interfacial transition zone around 

them in the cement matrix, admixtures adsorb on the surface of cement minerals preventing 

them to interact with other components, or form organo-mineral compounds that cause 

alterations of the hardened paste’s characteristics. The introduction of a nano-sized material 

such as CNTs thus has complex impacts on the behavior of cement based composites. These 

effects include modifications in setting and hardening speed (may be both acceleration and 

retardation) besides the desired effect of creating a reinforcement at nano-level of C-S-H. 

CNTs synthesis methods are becoming better known and controlled. Nanotubes have 

been synthesized on many different supports. The growth of CNTs by CVD on clinker 

particles or other cement-compatible materials is viable as it was shown in various 

investigations (NASIBULIN et al., 2009, MUDIMELA et al., 2009; DUNENS et al., 

2009).The use of raw materials with relatively low level of composition and morphology 

control result in low level of control of the synthesized nanoparticles and in a lower synthesis 

efficiency. On the other hand, the use of such materials can significantly reduce the costs of 

the production when comparing with the use of high purity catalysts. 

The key factor to create cement-CNT composites is the dispersion and bond of 

nanotubes in the matrix. Special surface treatments called functionalization is necessary to 
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allow the incorporation of highly hydrophobic CNTs in aqueous media like cement paste. 

These functionalization methods vary from the linking of functional groups by aggressive 

acid treatments to the simple mixture with surfactants, which create repulsion forces between 

the nanotubes. Following the published results, the quantity of surfactants necessary to 

achieve a good dispersion in water would cause negative effects on cement hydration if CNTs 

are to be employed in a concentration around 0.1 % of cement mass. 

Improvements have been observed in the behavior of both fresh and hardened cement 

pastes and mortars as an effect of CNT addition, in comparison with ordinary cement pastes 

or mortars. The highest values of enhancement in compressive and tensile strength and elastic 

modulus are in the order of 30-40 % (LI et al., 2004a; CWIRZEN et al., 2008; BATISTON et 

al., 2008; XU et al., 2009; METAXA et al., 2009; MELO et al., 2011; MORSY et al., 2011), 

besides reporting better pore structure (YAKOVLEV et al., 2006; METAXA et al., 2009; 

MELO et al., 2011).The use of in-situ synthesized CNTs/CNFs on cement particles did not 

have significantly different results of mechanical strength in comparison with high purity 

CNTs (NASIBULIN et al., 2009). 

The methods that seem to give reliable results on mechanical properties of these 

composites at hardened state include classical compressive, flexural (fracture energy) and 

splitting tensile tests, nanoindentation and hardness measurements. At the same time SEM 

imaging of CNT dispersions in hardened cement paste seem to give contradictory 

impressions. Makar et al. (2005) suggested that the visible CNTs bridging a crack of the 

cement paste would be a proof of the reinforcing effect. Meanwhile other researchers 

(CWIRZEN et al., 2009; XU et al., 2009) suggest that the CNTs did not enhance the 

mechanical behavior of their composites so much because the loss of bond between the 

nanotubes and the matrix. It seems reasonable, that if CNTs can be easily identified on SEM 

micrographs, it is because of poor dispersion or poor bonding to cement matrix. The absence 

of visible CNTs on the images could be due to that the hydration products covered completely 

them and created a strong link. 

One of the objectives of present work, the synthesis of CNTs/CNFs on clinker 

particles using industrial by-products as catalyst particles has not been reported before. The 

synthesis products are to be characterized quantitatively and qualitatively. An important factor 

when applying a new material to the construction industry is the compatibility with existing 

methods or equipment for production and characterization. Nano-structured cement therefore 

should be analyzed by common investigation techniques used to characterize ordinary 
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Portland cement. The mechanical strength of Portland cements are determined by tests on 

mortar specimens according to NBR 7215 (1996) Brazilian standard. In order to evaluate the 

effect of CNT/CNF addition on the mechanical behavior of Portland cement, mortars are to be 

prepared with standard composition containing nano-structured material and compared with 

reference mortars with the same composition except the CNT/CNF content. BET and He 

pycnometry are adequate tools to characterize the pore structure and density of hardened 

cement composites. Melo (2009) used these techniques to evaluate the changes in the pore 

structure of mortar samples due to the incorporation of high quality CNTs. The effect of nano-

structured material addition should also be analyzed by these techniques. 
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3   

SYNTHESIS AND CHARACTERIZATION OF NANO-

STRUCTURED MATERIALS 

3.1 Introduction 

The first step in the production of cement-based composites made with nanotubes was 

the synthesis of nano-structured materials. The synthesis was performed on low cost 

(compared to other materials used for CNT synthesis) cement-compatible materials: Portland 

cement clinker and silica fume with the addition of steel-making byproducts such as ground 

iron ore, steel mill scale and converter dust. The objective of the investigations was to 

determine optimal synthesis parameters and catalyst composition. Comparative investigations 

were performed with different catalyst preparations and different synthesis temperatures, 

duration and carbon source gas concentrations. The main points of the evaluation were the 

efficiency and the morphology of the synthesized products. 

A characterization of the nano-structured cement was conducted to obtain typical 

cement properties like setting time, composition and Blaine fineness. These results are 

compared to conventional Portland cement data. 
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3.2 Characterization of the materials used for synthesis 

3.2.1 Electron probe microanalysis 

Electron probe microanalysis is a non-destructive analytical method used to obtain 

detailed composition data of a sample material. It is a combination of the SEM and XRD 

techniques. The sample is hit by an electron beam. The instrument is equipped by SE or BSE 

detectors to help aiming of the beam. The electron beam also generates X-ray radiation of the 

sample that is characteristic of the material. When wavelength dispersive X-ray spectroscopy 

(WDS) is used, this radiation passes through a collimator, then hits a crystal with known 

diffraction parameters and finally is intercepted by a counter – all mounted on a goniometer 

that permits to position the elements according to the characteristic radiation of each 

(excepting very light) chemical element. The diffraction at the crystal occurs according to the 

above mentioned Bragg’s law. WDS technique counts the photon impacts of a single radiation 

wavelength at once; meanwhile energy dispersive X-ray spectroscopy (EDS) gives a general 

view of the chemical composition of a sample analyzing the entire spectrum. Thus WDS 

analysis is more precise but is slower than EDS. The sample for microprobe analysis has to be 

compacted and polished to obtain a leveled surface and is maintained at vacuum. Modern 

microprobe analyzers are equipped by 3 to 5 or more WDS systems to analyze the same 

number of elements at a time. The resolution of the X-ray spectroscopy is limited to the 

volume of the material that is emitting characteristic X-radiation. To yield chemical 

composition several points of the sample have to be mapped. (SKOOG and LEARY, 1992) 

3.2.2 Analysis procedures 

The catalysts used during the synthesis were composed of a support material and 

metallic catalyst particles. 

The quantitative composition of the support materials and metallic catalyst particles – 

when not informed by the provider – was determined by a JEOL JXA-8900R type electron 

microprobe located at the Laboratory of Microanalysis, UFMG. The samples for this analysis 

were compacted in a pellet of approximately 1 mm height. The results were calculated for 

each sample as the average of the composition of 10 points analyzed. 

The composition of the metallic catalyst particles was analyzed qualitatively at the 

Laboratory of Cristallography, UFMG, by XRD in a Rigaku Geigerflex 2037 type instrument 

equipped with copper or cobalt X-ray tubes, as specified. This technique was also used to 
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determine iron crystallite size of the catalysts based on the Scherrer equation. The standard 

used in all cases was silica. The detector was moved at steps of 0.1° for phase identification of 

iron oxide and 0.02° for crystallite size analysis. 

3.2.3 Support materials 

Catalyst support materials used during the investigations included Portland cement 

clinker and silica fume. All of these materials were produced at high temperatures and thus 

have stable characteristics at typical carbon nanotube synthesis temperatures by CVD (600 to 

800 °C).The materials were provided by Intercement Brasil SA. 

 

Clinker 

Portland cement clinker was received ground to the fineness of Brazilian type CP-I 

cement. The composition, determined by electron microprobe analysis, is presented in Table 

3.1. 

 

Table 3.1 – Chemical composition of Portland cement clinker determined by electron microprobe analysis. The 

compound annotations refer to any type of oxides of that type of element. 

Compound Percentage 

MgO 2.12 

SO3 0.55 

MnO 0.05 

Al2O3 3.94 

K2O 1.33 

Fe2O3 3.08 

SiO2 17.17 

CaO 54.67 

 

Silica fume 

Silica fume produced by Silmix was used as received. The composition of the silica 

fume was given by the providers and is presented in Table 3.2. 
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Table 3.2– Chemical composition of silica fume as given by the provider 

Compound Percentage 

Fe2O3 0.04 

CaO 0.20 

Al2O3 0.08 

MgO 0.63 

Na2O 0.15 

K2O 0.40 

SiO2 96.47 

H2O 0.61 

 

3.2.4 Catalyst particles 

Metal catalyst materials included steel mill scale, ground iron ore and converter dust. 

For CNT synthesis an important parameter of the catalyst particles is the mean crystallite size, 

as it serves as a template for the nanotube diameter. Iron oxide phases were identified and the 

crystallite size was calculated using XRD. Detailed difractograms of every catalyst particle 

are presented in Annex A. 

 

Ground iron ore 

Ground iron ore was received from Vale. The main composition was identified to be 

hematite (Fe2O3) by XRD. The purity was 77 %, based on electron microprobe analysis 

(Table 3.3). The mean hematite crystallite size was 210 nm, as determined by the Scherrer 

method (see chapter 3.2.1). 
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Table 3.3 – Chemical composition of iron ore determined by electron microprobe analysis. The compound 

annotations refer to any type of oxides of that type of element. 

Compound Percentage 

MgO 0.03 

SO3 0.02 

MnO 1.48 

Al2O3 2.41 

K2O 0.02 

Fe2O3 77.32 

SiO2 1.74 

CaO 0.06 

 

Steel mill scale 

Steel mill scale was received in the form of a rough powder and was ground using a 

ball mill. The composition is presented in Table 3.4. XRD analysis identified the iron-

containing phase as wüstite (FeO). The mean crystallite size was 80 nm. 

Table 3.4 – Chemical composition of steel mill scale determined by electron microprobe analysis. The 

compound annotations refer to any type of oxides of that type of element. 

Compound Percentage 

MgO 0.04 

SO3 0.01 

MnO 1.00 

Al2O3 0.27 

K2O 0.01 

FeO 85.45 

SiO2 1.10 

CaO 0.06 

 

Converter dust 

The converter dust, given by Arcelor Mittal in the form of a fine powder, was used 

also as-received. The composition of the furnace dust, determined by EDS analysis, was given 

by the provider and is presented in Table 3.5. Iron content of converter dust was identified as 

hematite (Fe2O3). Mean crystallite diameter was 106 nm. 
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Table 3.5 – Chemical composition of converter dust based on an EDS study (mass %) 

Element Percentage 

C 3.01 

O 32.47 

Mg 3.22 

Si 0.74 

Ca 6.80 

Fe 55.76 

 

Clinker 

Clinker contains approximately 3 % of iron oxide (of C4AF phase), as presented above 

(Table 3.1). The form of iron oxide in this case was hematite (Fe2O3). Mean crystallite size 

was 122 nm. 

 

Conclusion of the catalyst particle analysis 

Iron oxide was present in clinker, ground iron ore and converter dust in the form of 

hematite (Fe2O3). Steel mill scale was composed of wüstite (FeO). Iron content was 

determined based on the chemical formula of iron oxide present and its percentage of the 

material composition. The weight ratio of iron as element for every catalyst particle is given 

in Table 3.6. 

 

Table 3.6– Iron content of the catalyst particles 

Catalyst particle Fe content [%] 

Clinker 2.15 

Ground iron ore 54.08 

Steel mill scale 66.42 

Converter dust 55.76 

 

The crystallite size of the catalyst particles are presented in Table 3.7. It can be seen, 

that ground iron ore has the larger Fe crystallites; meanwhile the smaller crystallites of 

clinker, steel mill scale and converter dust are closer to typical CNT diameters thus are 

probably better for CNT synthesis. 
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Table 3.7– Fe crystallite size of catalyst particles as determined by X-ray diffraction 

Catalyst particle Crystallite size [nm] 

Clinker 122 

Ground iron ore 210 

Steel mill scale 80 

Converter dust 106 

 

3.3 Synthesis procedures 

3.3.1 Catalyst preparation 

Catalysts were prepared as a mixture of support material and catalyst particles. The 

iron content of the catalyst particle was considered as given in Table 3.6. The catalyst 

components were mixed in a ball mill during at least 24 hours. 

3.3.2 CVD reactor 

Every synthesis process of CNTs was carried out in a CVD reactor with three 

controllable zones of 100 cm total length (Figure 3.1). The reactor tube was made of silicon 

carbide (SiC) and had an inner diameter of 120 mm. Before each process the catalyst material 

was weighed and placed in SiC boats. Each batch process was done using 30 to 300 g of 

catalyst material. The mass of the different types of catalyst materials was determined in order 

to get a similar bulk volume. Synthesis was performed under controlled flow with argon 

(1500 sccm flow) as carrier gas and as carbon source gas acetylene or ethylene, as specified. 

During the heating up and cooling argon flow was maintained to ensure inert atmosphere. 
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Figure 3.1– The CVD reactor used during the investigations 

 

3.3.3 Synthesis based on clinker 

Pure clinker, clinker with different quantity of steel mill scale, ground iron ore or 

converter dust additions were prepared and used as catalyst for nanotube synthesis. 

Investigations were performed to determine optimum synthesis parameters such as catalyst 

iron addition, process duration, temperature and gas flow rates. Table 3.8 shows the catalysts 

compositions investigated. The amount of added iron catalyst particles were between 0 and 10 

% of the clinker mass. Synthesis temperature varied between 775 and 850 °C. Synthesis 

duration varied between 30 and 120 minutes. The acetylene or ethylene gas flow varied 

between 300 and 600 sccm. 

An in-situ functionalization method linked to the synthesis of nano-structured clinker 

was developed (Appendix 1). The method involves ammonia gas that was passed through the 

reactor together with the other gases during the synthesis process. The objective of this 

functionalization was to create nitrogen containing functional groups on the surface of the 

nanotubes and nanofibers. 
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Table 3.8– Composition of the clinker based catalysts for nano-structured material synthesis 

Catalyst Support 
Catalyst 

particles 

Total Fe 

content [%] 

C-0 clinker - 2.15 

CO-5 clinker iron ore 7.15 

CS-5 clinker steel mill scale 7.15 

CD-1 clinker converter dust 3.15 

CD-2.5 clinker converter dust 4.65 

CD-5 clinker converter dust 7.15 

CD-10 clinker converter dust 12.15 

 

3.3.4 Synthesis based on silica fume 

Nanotubes were also synthesized on silica fume with 2.5 % iron addition. The added 

iron was converter dust. Table 3.9 shows the composition of the silica fume based catalyst. 

The parameters of the synthesis were 500 sccm acetylene flow, 750 °C temperature and 30 

minutes processing time. 

 

Table 3.9– Composition of the silica fume based catalysts for nano-structured material synthesis 

Catalyst Support 
Catalyst 

particles 

Total Fe 

content [%] 

FS-2.5 silica fume converter dust 2.50 

 

3.4 Characterization of synthesis products 

3.4.1 Thermogravimetry 

Thermogravimetry is a powerful tool to determine the quantity (mass) of different 

substances and/or reaction products of a material. The mass of a sample is continuously 

analyzed as function of time or temperature as the temperature of the sample is raised 

following a predefined heating rate, under controlled atmosphere. An instrument of 

thermogravimetry consists of a sensitive analytical scale, a furnace, a gas feeding system and 

a control and data acquisition and display unit. The capacity of the scale generally is ranging 

between 1 mg and 100 g in modern instruments. It is thermally isolated of the furnace but the 
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sample holder is housed in it. The temperature range of most furnaces is between room 

temperature and 1500 °C. Heating and cooling rates of the furnace can be selected to as high 

as 200 °C/min. Evidently, the slower the heat ramp is, the more precise the results will be. 

The mass or mass percent versus temperature or time plot is called thermogram. 

Generally the first derivate of this graph is also plotted, the differential thermogram. The 

derivative curve may reveal details (peaks) that are not detectible in the original thermogram 

curve and also gives more precisely the temperature peaks corresponding to the highest mass 

loss or gain rate. (SKOOG and LEARY, 1992) 

3.4.2 Scanning electron microscopy 

When an electron beam hits a target surface, different types of radiations are emitted. 

These radiations are characteristic of the upper few nanometer of the target material under the 

area of the electron beam. The more focused the electron beam is and the smaller the area of 

the electron beam as it hits the target, the higher the resolution will be of any image obtained 

of the characteristic radiations. 

In scanning electron microscopy (SEM), the surface of the solid sample is swept by an 

electron beam in a raster pattern. The electrons are emitted by an electron gun. The electron 

beam which is accelerated by a voltage between generally 1-20 kV passes through a system of 

magnetic condenser and objective lenses and hits the target at a spot of 3 to 100 nm diameter 

area. Two electromagnetic coils deflect the beam in x and y directions which allow the 

scanning of the surface. Two of the signals produced by the electron beam hitting the surface 

are secondary electrons (SE) and backscattered electrons (BSE). SE and BSE signals are used 

in SEM to make images of the sample. The magnification of the image can be changed 

increasing or decreasing the width of a single scan line across the sample. Modern scanning 

electron microscopes allow a magnification from 10× up to ~1,000,000×. To allow imaging of 

the sample, it has to be electric and thermal conductive. If the sample is not conductive itself, 

a few nanometer carbon or gold coating is applied. The sample holder can be moved in all x, y 

and z directions and rotated about each axis, so the surfaces of the samples can be viewed in 

almost every perspective. To enhance the quality of imaging, higher voltage is applied and 

high vacuum (10
-6

 Pa) is created in the sample chamber. (SKOOG and LEARY, 1992) 
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3.4.3 Procedures for characterization of synthesis products 

After the processes the products were collected and were characterized. The carbon 

yield was determined by TGA, using a TA Instruments SDT-2960 (CDTN) or Shimadzu 

DTG-60H (Nanomaterials Laboratory) equipment and by the combustion of the carbon 

material at 800 °C in an oven. The amount of nano-structured material used for combustion 

varied from 200 mg to 1 g. Due to the smaller quantity of sample used for TGA (approx. 3 

mg) the nanotube content values obtained by combustion were considered more 

representative. TGA results were used to evaluate purity and proportion of the synthesized 

CNTs and CNFs. Combustion temperature is influenced by the degree of CNT structural 

perfection: higher temperatures may correspond to a lower quantity of defects (TRIGUEIRO 

et al., 2007). 

Characterization also included SEM imaging in a JEOL JSM-840A (Laboratory of 

Microanalysis, UFMG) or Quanta 200 – FEG – FEI – 2006 (Center of Microscopy, UFMG) 

equipment with magnification up to 200,000×. In order to assure sample conductivity, 1 to 2 

nm gold coating was used. 

3.4.4 Nano-structured clinker 

The more efficient synthesis parameters were investigated focusing on the synthesis 

duration and temperature, carbon source gas flow rate and different types of iron addition. 

The objective of the first analysis was to determine optimal synthesis time in order to 

achieve highest carbon deposit rate. Pure clinker was used as catalyst. The durations of the 

processes were 30, 60 and 120 minutes. Acetylene or ethylene was used as carbon feedstock; 

the other parameters were maintained constant: 300 sccm gas flow and 775 °C temperature. 

The results of the three processes can be compared in Table 3.10. Higher carbon deposit rates 

were achieved with longer processes. At the same time the increase in efficiency with the 

increase of process duration from 30 to 60 minutes was higher (from 3.03 to 5.08 %) than that 

achieved by increasing from 60 to 120 minutes (from 5.08 to 6.33 %). 
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Table 3.10 – Effect of synthesis time changes on the efficiency of the CNT/CNF synthesis on pure clinker 

Catalyst 

identification 

Carbon 

source 

Gas flow 

[sccm] 

Synthesis 

temperature [°C] 

Synthesis 

duration [min] 

Mass loss at 

800°C [%] 

C-0 ethylene 300 775 30 3.03 

C-0 acetylene 300 775 60 5.08 

C-0 ethylene 300 775 120 6.33 

 

The optimal quantity of carbon disposable to form CNTs and CNFs was determined 

by comparing different acetylene flow rates: 300, 500 and 600 sccm. Other parameters were 

kept constant: 775 °C temperature and 60 minutes synthesis duration. Pure clinker was used 

as catalyst. The efficiencies obtained are shown in Table 3.11. Acetylene flow equal to 500 

sccm resulted in higher efficiency (6.50 %) than the processes when lower or higher gas flow 

rates were employed (both 5.08 %). 

 

Table 3.11 – Effect of carbon source gas flow rate on the efficiency of CNT/CNF synthesis on pure clinker 

Catalyst 

identification 

Carbon 

source 

Gas flow 

[sccm] 

Synthesis 

temperature [°C] 

Synthesis 

duration [min] 

Mass loss at 

800°C [%] 

C-0 acetylene 300 775 60 5.08 

C-0 acetylene 500 775 60 6.50 

C-0 acetylene 600 775 60 5.08 

 

The effect of temperature on the synthesis efficiency was investigated next. Two 

processing temperatures were studied: 775 and 850 °C. Other parameters were kept constant: 

500 sccm acetylene flow and 60 minutes process time. Pure clinker was used as catalyst. 

These results are shown in Table 3.12. It can be seen, that higher temperature resulted in a 

lower carbon deposit rate. The decrease was from 6.50 to 5.70 %. 
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Table 3.12 – Effect of temperature on the efficiency of CNT/CNF synthesis on pure clinker 

Catalyst 

identification 

Carbon 

source 

Gas flow 

[sccm] 

Synthesis 

temperature [°C] 

Synthesis 

duration [min] 

Mass loss at 

800°C [%] 

C-0 acetylene 500 775 60 6.50 

C-0 acetylene 500 850 60 5.70 

 

The effect of the addition of different iron sources on the synthesis efficiency was also 

investigated. The amount of 5 % of iron was added to the clinker of the following sources: 

ground iron ore, steel mill scale and converter dust. This 5 % addition corresponded to the 

iron element content of the material, according to Table 3.6. The synthesis parameters were 

500 sccm acetylene flow and 60 minutes of process duration. Temperature of the synthesis 

was 775 or 850 °C. It should be noted that these investigations were performed partially 

before the results of the effect of the higher temperature was concluded. The results of 

production are shown in Table 3.13. Clinker with steel mill scale addition had similar 

efficiency (6.29 %) as pure clinker (6.50 %). On the other hand, ground iron ore and converter 

dust addition resulted in lower carbon deposit rates (2.40 and 3.89 %, respectively). 

 

Table 3.13 – Effect of the addition of different iron oxide sources to clinker on the efficiency of CNT/CNF 

synthesis 

Catalyst 

identification 

Source of 

additional iron 

Total Fe 

content [%] 

Synthesis 

temperature [°C] 

Mass loss at 

800°C [%] 

C-0 - 2.15 850 5.70 

C-0 - 2.15 775 6.50 

CO-5 Ground iron ore 7.15 775 2.40 

CS-5 Steel mill scale 7.15 775 6.29 

CD-5 Converter dust 7.15 850 3.89 

 

The synthesis products were analyzed by SEM and the presence of fiber-like structures 

was confirmed in all cases (Figures 3.2 to 3.5). The diameter of these products ranged within 

typical carbon nanotube and nanofiber values. The size and morphology of the product varied 

with respect to the catalyst preparation. Pure clinker and clinker with ground iron ore addition 

produced CNTs and CNFs with a curly structure, meanwhile steel mill scale and converter 

dust addition resulted in straight CNTs/CNFs. Maximum length of the products was in all 
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cases in the order of tens of microns. Mean diameter of nanotubes and nanofibers was 

between 80 and 120 nm in the case of pure clinker and clinker with ground iron ore catalysts. 

Smaller mean diameters between 50 and 80 nm were found for products synthesized on 

clinker with steel mill scale and converter dust addition. 

 

 

Figure 3.2– SEM image of curly CNTs and CNFs grown on pure clinker 
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Figure 3.3– SEM image of curly CNTs and CNFs with high dispersion of size grown on CO-5 catalyst 

 

 

Figure 3.4 – SEM image of straight CNTs and CNFs grown on CS-5 catalyst 
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Figure 3.5 – SEM image of straight CNTs and CNFs grown on CD-5 catalyst 

 

Thermogravimetric analysis of the products grown on clinker with steel mill scale 

addition shows two mass loss peaks, probably corresponding to two main types of 

CNTs/CNFs formed. The temperatures corresponding to these peaks were 572°C and 623 °C 

(Figure 3.6). One can see that a higher mass loss was observed for the first peak with respect 

to the second. 
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Figure 3.6– TGA and DTG curves of synthesis products grown on clinker-steel mill scale catalyst (CS-5) 

 

Clinker with different percentages of iron addition was prepared and the efficiency of 

these catalysts was investigated. The iron addition varied from 1 to 10 % in mass. The used 

iron source was converter dust. The synthesis parameters were 500 sccm acetylene flow, 850 

°C temperature and 60 minutes process duration. The results are presented in Table 3.14. 

Efficiency increased with increasing iron addition up to 2.5 % content (6.14 %). Further iron 

addition resulted in lower efficiency. 

 

Table 3.14– Effect of the quantity of iron (converter dust) added to clinker on the efficiency of CNT/CNF 

synthesis 

Catalyst 

identification 

Total Fe 

content [%] 

Carbon 

source 

Synthesis 

temperature [°C] 

Synthesis 

duration [min] 

Mass loss at 

800°C [%] 

C-0 2.15 acetylene 850 60 5.70 

CD-1 3.15 acetylene 850 60 4.76 

CD-2.5 4.65 acetylene 850 60 6.14 

CD-5 7.15 acetylene 850 60 3.89 

CD-10 12.15 acetylene 850 60 1.20 
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SEM images of the samples of CNTs/CNFs grown on clinker with different iron 

addition ratios revealed some influence of this ratio on the product morphology (Figures 3.7 

to 3.10). Iron addition up to 5 % of clinker mass resulted in nanotubes and nanofibers with 

similar appearance, length and diameter. On the other hand, the products grown on the CD-10 

catalyst showed more curly structure and higher dispersion of size. 

 

 

Figure 3.7 – SEM image of CNTs/CNFs grown on CD-1 catalyst 
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Figure 3.8– SEM image of well distributed CNTs and CNFs on clinker particles (CD-2.5 catalyst) 

 

 

Figure 3.9 – SEM image of CNTs/CNFs synthesized on CD-5 catalsyt 
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Figure 3.10– SEM image of synthesis products grown on high Fe-content clinker based catalyst (CD-10) 

 

Figure 3.11 shows the histogram of the diameter values measured on SEM images of 

CNTs/CNFs grown on CD-2.5 catalyst. The values are dispersed, and show two diameter 

ranges of greater occurrence: between 40 and 50 nm and between 60 and 80 nm. 

 

 

Figure 3.11 – Histogram of the diameters of CNTs/CNFs grown on clinker with 2.5 % iron addition (converter 

dust) measured on SEM images 
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Thermogravimetric analysis of the products grown on CD-2.5 catalyst also shows two 

mass loss peaks. In this case, the temperatures corresponding to these peaks were 525°C and 

620 °C (Figure 3.12). A higher mass loss was also observed for the first peak with respect to 

the second. 

 

 

Figure 3.12– TGA and DTG curves of synthesis products grown on clinker-converter dust catalyst (CD-2.5) 

 

According to the production results presented before, the following synthesis 

parameters were approved to be the best, using pure clinker catalyst: 60 minutes of process 

duration, 500 sccm of acetylene/ethylene flow and 775 °C temperature. 

The main points for interpreting SEM images were product morphology and 

nanotube/nanofiber diameter. For structural reinforcement CNTs and CNFs with straight form 

and smaller diameter may have better performance. Longer and straighter nanotubes can 

attach cement particles of a longer distance. Smaller diameter may indicate a structure with 

less defects and a shape closer to a perfect CNT and consequently with better tensile behavior 

(SALVETAT et al., 1999). Therefore straighter and longer nanotubes and nanofibers with 

smaller diameters were considered as better option for incorporation in cement mortars. 

Pure clinker produced short, curly fibers. This morphology suggests that the 

CNTs/CNFs are of poorer tensile behavior (SALVETAT et al., 1999). 
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Additional iron sources added to the clinker modified the production of the synthesis. 

Meanwhile ground iron ore did not have positive effects on production, steel mill scale and 

converter dust addition had good production with respect to pure clinker. The optimum 

addition was found to be 2.5 % of iron with respect to clinker mass in the case of converter 

dust. 

Ground iron ore addition also produced CNTs/CNFs with curly structure. Meanwhile 

with the addition of converter dust or steel mill scale the products were more straight and with 

smaller diameter. The diameter of the nanotubes depended mostly on the type of catalyst 

particle used during the synthesis. According to the crystallite size determined by XRD, the 

smaller crystallites of converter dust and steel mill scale produced nanotubes and nanofibers 

with smaller diameter. At the same time high variability of the synthesized products could be 

seen in all cases as a result of the employed raw materials with low quality and composition 

control. 

DTGA diagrams of nanostructured clinker show two peaks. In the case of clinker with 

steel mill scale addition as catalyst the two peaks were found to be at 572 and 623 °C. The 

converter dust addition modified the position of the first peak to 525 °C. The lower 

temperature of ignition of the products may indicate a nanotube structure with more defects. 

On the other hand, the ratio of mass loss between the higher and lower peaks in the case of 

steel mill scale catalyst is lower (1.29 to 10.69 = 0.12) than in the case of converter dust 

addition (1.1 to 7.0 = 0.16). Thus converter dust produces more nanotubes which have higher 

ignition temperature and consequently a more perfect structure. 

 

Covalent functionalization of nano-structured clinker through ammonia treatment 

A process to in-situ synthesize ammonia functionalized nanotubes has been developed 

(Appendix 1). The used catalyst was composed of clinker with 2.5 % iron addition in the form 

of converter dust. The synthesis was carried out at 750 °C using acetylene and ammonia gases 

with flows of 300 and 150 sccm respectively. The process duration was 30 minutes. These 

process parameters were chosen based on the results obtained with silica fume as catalyst 

support (see Chapter 3.4.3). 

Figures 3.13 and 3.14 show SEM images of the ammonia functionalized nano-

structured clinker. Diameters of the CNTs/CNFs had an average of 68.5 nm (see histogram in 
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Figure 3.15), which is practically equal to that of the nanotubes synthesized without ammonia 

(66.5 nm, see histogram in Figure 3.11). 

 

 

Figure 3.13 – SEM image of CNTs/CNFs synthesized on clinker and functionalized with ammonia 

 

 

Figure 3.14 – SEM image of CNTs/CNFs synthesized on clinker and functionalized with ammonia 
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Figure 3.15 – Histogram of the diameters of CNTs/CNFs grown on clinker with ammonia treatment 

 

Figure 3.16 shows the TGA results of the ammonia treated nano-structured clinker. 

Only one mass loss peak appeared. The highest mass loss was observed at 569 °C, which is 

between the two peak temperatures of the DTGA curve of nano-structured clinker without 

ammonia functionalization (525 and 620 °C, see Figure 3.12). Mass loss obtained by 

combustion at 800 °C was 26.1 %. 

 

 

Figure 3.16 – TGA results of nano-structured clinker treated with ammonia 
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The application of ammonia during the synthesis process resulted in some alterations 

of the nano-structured clinker characteristics: the products synthesized with ammonia showed 

only one DTGA peak instead of two. This alteration suggests the incorporation of nitrogen 

containing functional groups in the nanotubes structure as shown by the results in Appendix 

1. At the same time production was increased from values varying from 5 to 7 % to 

approximately 26 %. 

3.4.5 Nano-structured silica fume 

The silica fume catalyst had about 25 % of carbon yield, as it can be seen in Table 

3.15. The thermogravimetric analysis of the products indicates the presence of two types of 

CNTs/CNFs corresponding to the two peaks of mass loss: at 615 and at 666 °C (Figure 3.17). 

 

Table 3.15– Efficiency of synthesis on silica fume based catalyst 

Catalyst 

identification 

Carbon 

source 

Gas flow 

[sccm] 

Synthesis 

temperature [°C] 

Synthesis 

time [min] 

Mass loss at 

800°C [%] 

FS-2.5 acetylene 500 750 30 25 

 

 

Figure 3.17 – TGA (in black) and DTGA (in blue) curves of CNTs/CNFs synthesized on silica fume based 

catalyst with 2.5 % iron addition 
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Synthesis on silica fume resulted in CNTs and CNFs, as can be seen in Figures 3.18 

and 3.19. Histogram of the diameter distribution for nanotubes grown on silica fume is shown 

in Figure 3.20.Theaverage diameter of the CNTs/CNFs was about 30 to 50 nm. 

 

 

Figure 3.18 – SEM image of CNTs grown on silica fume under high magnification 

 

Figure 3.19 – SEM image of CNTs grown on silica fume 
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Figure 3.20 – Histogram of the diameters of CNTs/CNFs grown on silica fume measured on SEM images 

 

To investigate the reinforcing effect of the nano-structured silica fume on mortars via 

mechanical strength tests, the product of the FS-2.5 catalyst using a 30 min process at 750 °C 

was used as standard. 

3.4.6 Comparison of the results of nano-structured clinker and silica fume 

Efficiency of the synthesis processes was evaluated by ignition at 800 °C as it was 

possible to characterize a more relevant quantity of material. Highest efficiency was achieved 

with silica fume. The value of 25 % is significantly higher than carbon yield obtained with 

catalysts based on clinker (in the order of 3 to 7 %). The difference can be explained by the 

higher surface area of silica fume which allows a better distribution of the catalyst particles 

and thus the optimization of carbon deposit. 

Both types of supports produced nanotubes and nanofibers, as it was confirmed on 

SEM images. At the same time there were some differences in product morphology. 

Diameters of CNTs/CNFs synthesized on silica fume were smaller than of those synthesized 

on clinker: typical values ranged between 40 and 60 nm instead of 40 and 80 nm. 

Both catalysts based on clinker and silica fume with converter dust addition produced 

CNTs/CNFs with two DTGA peaks. The peaks were situated at higher temperatures in the 
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case of silica fume based catalyst with respect to clinker based ones. The temperatures 

corresponding to the peaks were at 615 and 666 °C for silica fume and at 525 and 620 °C for 

clinker based catalyst. The higher ignition temperature in the case of nano-structured silica 

fume indicates the presence of nanotubes and nanofibers with fewer structural defects 

(TRIGUEIRO et al., 2007). 

3.5 Characterization of nano-structured cement 

3.5.1 Procedures 

Physico-chemical investigations were performed on the mixture of nano-structured 

clinker with Brazilian CP-III or CP-V type cement. The product of the CD-2.5 catalyst was 

used. The mixture incorporating 0.3 % CNTs/CNFs of the cement mass was initially 

homogenized in a plastic bag with agitation. For both types of cement, Blaine fineness was 

measured according to NBR NM76 (1998) standard. Their chemical compositions were 

determined by X-ray spectrometer and compared with that of pure CP-III or CP-V cement. 

Loss on ignition was also measured using an oven at 1000 °C (NBR NM18, 2012). Water 

content for normal consistency was determined by a method based on a Vicat instrument 

(NBR NM43, 2002). The initial and final setting times were evaluated for both plain cement 

pastes and for the mixtures with CNTs/CNFs according to NBR NM65 (2003) standard. 

Insoluble solid content was determined according to NBR NM15 (2012) standard. All 

physico-chemical investigations were performed at the laboratory of Intercement SA in Pedro 

Leopoldo. 

3.5.2 Nano-structured Brazilian CP-V type cement 

Blaine fineness of pure Brazilian CP-V type cement was 4653 cm
2
/g, meanwhile with 

the inclusion of CNTs/CNFs it changed to4752 cm
2
/g. A slight increase of CP-V cement 

fineness was revealed as an influence of nanotube addition. 

Composition of pure Brazilian CP-V type cement and of its blend with nanotubes is 

shown in Table 3.16. Nano-structured clinker addition did not influence the chemical 

composition of CP-V cement. 
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Table 3.16– Chemical composition of pure CP-V cement and its blend with 0.3 % of CNTs/CNFs as a result of 

an X-ray spectroscopy analysis 

Compound 

Pure Brazilian 

CP-V type 

cement [%] 

Brazilian CP-V type 

cement with 0.3 % 

CNTs/CNFs [%] 

SiO2 21.03 20.89 

Al2O3 5.12 5.07 

Fe2O3 2.56 2.63 

CaO 61.00 60.94 

MgO 2.61 2.60 

SO3 3.31 3.24 

Na2O 0.28 0.28 

K2O 0.74 0.73 

 

Water content for normal consistency of plain Brazilian CP-V type cement paste was 

0.297 with respect to cement weight. The same characteristic of CP-V paste containing 0.3 % 

nanotubes with respect to cement weight was 0.302. The analysis showed minimal influence 

of nano-structured addition on the water demand of cement paste. The presence of nanotubes 

caused a small increase in water demand. At the same time this alteration is within the normal 

variability of water demand of Brazilian CP-V type cement. 

The results of setting time investigations on CP-V cement pastes are shown in Table 

3.17. The values of initial and final setting times of both samples were higher than that of 

ordinary CP-V type cement pastes without admixtures (start of setting at 140 minutes and 

finish of setting at 220 minutes). The use of the lignosulfonate and polysaccharide based 

plasticizer caused partly the delay of the setting. The cement paste prepared with nanotubes 

suffered additional delay due to this inclusion. Initial setting of CP-V cement paste was 

retarded by 35 minutes due to the addition of CNTs/CNFs. There was less difference between 

the final setting times: the paste prepared with nanotubes occurred only 15 minutes later than 

the reference. The difference between the initial and final setting times changed slightly: from 

100 minutes it decreased to 80 as an effect of CNT/CNF addition. Both initial and final 

setting respected the time limits of NBR 5733 (1991) norm established for CP-V type cement: 

minimum of 60 minutes for the start and maximum of 600 minutes for final setting. 
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Table 3.17 – Setting times of cement pastes prepared with Brazilian CP-V type cement 

Sample Start of setting End of setting Setting time 

CP-V reference 205 min 305 min 100 min 

CP-V with nano-

structured clinker 
240 min 320 min 80 min 

 

Loss on ignition of CP-V cement containing 0.3 % CNTs/CNFs was 1.24 %. This 

value remains below the 4.5 % limit defined by NBR5733 (1991) standard. Plain CP-V 

cement showed 3.72 % of loss on ignition. 

Insoluble solid content of nano-structured CP-V cement with 0.3 % nanotube content 

as well as pure CP-V cement was 1.12 %. Both values were beyond the limit of 1.0 % 

established by NBR5733 (1991) standard. 

These results show that the addition of 0.3 % of nanotubes to Brazilian CP-V type 

cement did not alter significantly the fineness, the chemical composition, the water demand 

and the insoluble solid content with respect to the normal variability of the parameters of the 

CP-V type cement. It also respected the limits defined by Brazilian standards. On the other 

hand, initial and final setting times were slightly delayed as an effect of nano-structured 

clinker addition. The loss on ignition showed some alteration due to this addition, but 

remained below the limits defined by the Brazilian standard. 

3.5.3 Nano-structured Brazilian CP-III type cement 

Blaine fineness of pure Brazilian CP-III type cement was 4199 cm
2
/g. With 0.3 % of 

CNTs/CNFs addition it changed to4209 cm
2
/g. Thus no significant influence was revealed 

with nanotube addition to CP-III cement fineness. 

Composition of pure Brazilian CP-III type cement and of its blend with 0.3 % 

nanotubes is shown in Table 3.18. Nano-structured clinker addition did not influence the 

chemical composition of CP-III cement. 
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Table 3.18– Chemical composition of pure CP-III cement and its’ blend with 0.3 % of CNTs/CNFs as a result of 

an X-ray spectroscopy analysis 

Compound 

Pure Brazilian 

CP-III type 

cement [%] 

Brazilian CP-III type 

cement with 0.3 % 

CNTs/CNFs [%] 

SiO2 25,89 25,60 

Al2O3 6,64 6,56 

Fe2O3 2,09 2,22 

CaO 56,31 56,46 

MgO 3,60 3,59 

SO3 2,38 2,32 

Na2O 0,28 0,30 

K2O 0,59 0,58 

 

Water content for normal consistency of plain Brazilian CP-III type cement paste was 

0.280 with respect to cement weight. The same characteristic of CP-III paste containing 0.3 % 

nanotubes with respect to cement weight was 0.286. The analysis showed a slight increase of 

water demand of cement paste as an influence of nano-structured clinker addition. This 

change is within the normal variability of water demand of Brazilian CP-III type cement. 

The results of setting time investigations on CP-III cement pastes are shown in Table 

3.19. As an effect of the lignosulfonate and polysaccharide based admixture the values were 

higher than for ordinary CP-III type cement pastes (initial setting at 190 minutes and final 

setting at 290 minutes). Setting time of CP-III cement paste was not influenced significantly 

by the addition of CNTs/CNFs. Both initial and final of setting times respect the criteria 

established by Brazilian standard NBR 5735 (1991) for CP-III cement: minimum of 60 

minutes for the initial and maximum of 720 minutes for final setting. 

 

Table 3.19 – Setting times of cement pastes prepared with Brazilian CP-III type cement 

Sample Start of setting End of setting Setting time 

CP-III reference 475 min 550 min 75 min 

CP-III with nano-

structured clinker 
485 min 565 min 80 min 
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Loss on ignition of nano-structured Brazilian CP-III type cement with 0.3 % 

CNTs/CNFs was 2.74 %. The result for pure CP-III cement was 2.69 %. Both values are 

below the 4.5 % limit defined by NBR 5735 (1991) standard. Loss on ignition of CP-III 

cement was not affected by the addition of nanotubes. 

The nano-structured CP-III cement with 0.3 % nanotubes had an insoluble solid 

content equal to 1.66 %.The result obtained for plain CP-III cement was 1.61 %. Both values 

are slightly beyond the limit of 1.5 % defined by NBR 5735 (1991) standard. Insoluble solid 

content of CP-III cement was not affected by the addition of nanotubes. 

It can be concluded that the addition of 0.3 % of nanotubes to Brazilian CP-III type 

cement did not alter significantly the investigated characteristics with respect to the normal 

variability of the parameters of the CP-III type cement. The measured values were within the 

limits of the respective Brazilian standards, with the exception of insoluble solid content. The 

measured values for this parameter were slightly above the limits in the case of plain CP-III 

cement as well as of its blend with CNTs/CNFs. 

3.5.4 Comparative analysis of the results of nano-structured CP-V and CP-III 

cements 

The addition of nano-structured clinker did not result in significant alterations to the 

investigated physical or chemical properties of CP-III or CP-V type cements. Blain fineness 

was influenced neither in the case of CP-III nor in the case of higher surface area CP-V type 

cement. Chemical composition also remained the same after adding 0.3 % of CNTs/CNFs 

with respect to cement mass. The water demand of CP-V cement was slightly higher than that 

of CP-III cement due to the higher surface area. Both cements had the water demand slightly 

increased after nano-structured clinker addition. Initial and final setting times were more 

influenced by the presence of chemical admixture than by the addition of nanotubes for both 

types of cements. Meanwhile initial and final setting times of nano-structured CP-V type 

cement increased, no significant influence was found on CP-III type cement with the addition 

of CNTs/CNFs. Loss on ignition of both cements incorporating CNTs/CNFs was within the 

limits of the respective Brazilian standards. The values were also similar to those obtained for 

ordinary cement. Insoluble solid content of the two cements was not influenced significantly 

by the nanotubes addition. 
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4   

CHARACTERIZATION OF MORTAR NANO-COMPOSITES 

4.1 Materials and methods for characterization of mortar nano-

composites 

Portland cement mortars were made with standard composition, according to Brazilian 

standard NBR 7215 (1996). Equal amounts of natural sand of 0.15, 0.30, 0.60 and 1.20 mm in 

size were used. The binder to aggregate ratio was 1:3 in all cases and cement content was 

equal to 530 kg/m
3
. Water to cement (w/c) ratio varied: the employed value is indicated with 

the results of each test. The materials were placed in a mortar blender: first the dry materials 

were mixed together followed by the gradually addition of water with the chemical 

admixtures. Powder admixtures were first dissolved in the mixing water. 

Initially for every composition prismatic specimens were cast: 25 × 25 × 150 mm
3
 or 

40 × 40 × 160 mm
3
 beams for the flexural tensile strength tests and 40 × 40 × 40 mm

3
 cubes 

for compression strength tests. These specimens were compacted using a vibrating table. Test 

specimens were cured in water after de-molding until the day of testing. The testing ages are 

specified with the results of each test. 

A 30 kN servo-hydraulic Kratos machine was employed for the evaluation of the 

flexural tensile strength (Figure 4.1). The three-point bending tests were performed in a 

constant displacement mode of 0.50 mm/min. The span used for these tests was 80 mm in the 

case of the 25 × 25 × 150 mm
3
 specimens and 100 mm for the 40 × 40 × 160 mm

3
 ones. The 

flexural strength fc
flex

 of the specimens was determined according to the following equation: 
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, (4.1)8 

where F is the maximum load, l is the span, h is the height and b is the width of the specimen 

cross-section. 

 

 

Figure 4.1– Experimental setup for three-point bending test 

 

The compressive strength tests of the mortars were performed on a 1000 kN servo-

hydraulic Kratos machine in a constant stress mode. Besides the 40 × 40 × 40 mm
3
 cube 

specimens, the remaining ends of the 40 × 40 × 160 mm
3
 beams were also used. In this later 

case two 40 × 40 mm
2
 steel plates were fit on the lower and upper side of the specimens to 

assure uniform load distribution under a constant area of 1600 mm
2
. 

In the second part of this investigation experiments were performed using cylindrical 

specimens of 50 mm diameter and 100 mm height. The mixing procedure was the same as 

presented previously. The casting was done in four equal layers, with 30 hits on each layer to 

achieve a good compaction. These specimens were removed from the molds 24 hours after 

casting and kept in lime-saturated water until the day of testing. 

Testing of the cylindrical specimens was performed using an MTS universal system 

with actuators of 100 and 250 kN of capacity. For compressive tests the mortar specimens 

                                                 

8
 NBR 12142, 1991 
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were capped with sulfur on both sides. Tensile strength was determined by splitting tests 

using the same type of specimen (Figure 4.2). The tensile strength σt was calculated using the 

following equation: 

    
  

   
, (4.2)9 

where P is the compressive force, D is the diameter and L is the length of the cylinder. 

 

 

Figure 4.2 – Experimental setup for splitting tensile strength tests 

 

The preparation of mortar specimens as well as the strength tests were performed 

partly at the Center of Research and Development of Magnesita SA and partly in the LAEEs 

at the UFMG. 

The test results for each mix proportion and age, to be presented next, correspond to 

the mean value of 3 to 8 specimens. In order to correctly evaluate the effect of CNT addition, 

                                                 

9
 NBR 7222, 1994 
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for every mortar composition prepared with CNTs/CNFs a reference batch with exactly the 

same composition but without nanotubes was also cast. 

4.2 Behavior of mortar nano-composites 

4.2.1 Behavior of mortars made with Portland cement manufactured with carbon 

nanotubes 

Optimal nanotube/cement ratio 

The amount of CNTs used in the previously described investigations varied between 

0.05 and 1.0 % with respect to binder content. The first reason for this is the cost of CNTs, 

which would make concrete very expensive with the use of high-quality and -purity 

nanotubes. The other and more important reason is the issue of dispersion. A CNT content up 

to 1.0 % seems to be dispersible in cement matrix when the adequate methods are used. Some 

investigations showed decreasing composite strength with increasing CNT content 

(NASIBULIN et al., 2009; MELO et al., 2011; COLLINS et al., 2012). Thus, the first 

strength tests had the objective to verify the validity of this phenomenon. For these tests the 

nano-composites of CNTs/CNFs grown on PC clinker with 2.5 % steel mill scale were used. 

These mortars were identified by the label CL. 

Brazilian CP-V type Portland cement was used with water cement ratio (w/c) of 0.48. 

To allow better dispersion and bond of nanotubes to the cement matrix, a combination of two 

commercial concrete admixtures was used: a polycarboxylate based superplasticizer in 0.8 % 

of binder content (Chryso Premia 180) and a sulfonated polynaphtalene based plasticizer, also 

in 0.8 % of binder content (Chryso Plast 850), as described by Melo (2009). In the mortar 

identification NP represents this combination of concrete admixtures. Seven mix proportions 

were made with different CNT contents, whose compositions are given in Table 4.1. The 

CNT/CNF content of the composites varied between 0.05 and 4.90% of the binder weight. 

The suffixes N05 to N245 in the mortar identification represent these CNT contents. A mortar 

without nano-structured clinker but with the same mixing proportions was also cast (CL-NP). 
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Table 4.1– Mortar compositions for optimal nanotube/cement ratio determination tests 

Mortar identification 
CNT content* 

[%] 

CL-NP 0 

CL-NP-N05 0.05 

CL-NP-N25 0.25 

CL-NP-N50 0.5 

CL-NP-N100 1.0 

CL-NP-N125 1.25 

CL-NP-N245 2.45 

CL-NP-N490 4.90 

* - with respect to binder content 

 

Prismatic specimens (25 × 25 ×150 mm
3
in size) were cast in steel molds. Mortars with 

more than 1.0 % of nanotubes (CL-NP-N100, -N125, -N245 and -N490) were apparently drier 

than the mortars with lower CNT content. Clusters of clinker with nanotubes (black spots) 

were also visible indicating an inefficient dispersion of the nanotubes. In the case of 

CNT/CNF content smaller than 1.0 % the workability was similar for all mortars and 

practically no clusters could be seen. 

The flexural tensile strength was determined at the ages of 7 and 28 days.CL-NP-N245 

mortar did not harden and it was impossible to perform the tests. Six specimens of every other 

mortar were used at every age. The results are presented in Figure 4.3. 

It is worth to mention that the composition with more than 0.5 % CNT content with 

respect to cement apparently hardened slower than other compositions. Specimens with CNT 

content above 0.25 % appeared to be weaker than the reference. The highest flexural tensile 

strength with respect to the reference was achieved with 0.05 % of CNTs (CL-NP-N05). 

Flexural tensile strength of this mortar was higher or equal to that of plain cement mortar at 7 

and 28 days. These results confirmed that nanotube content above 0.5 % with respect to 

binder mass may cause loss in the strength of mortars. The reason may be the difficulties in 

the dispersion of a higher quantity of nanotubes. For further tests CNT/CNF contents below 

0.3 % were chosen in order to have a common basis for comparison with previous results 

obtained by the physical mixture of high quality CNTs in cement mortars (MELO et al., 

2011). 
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Mortar 

identification 

Flexural tensile strength 

7 days 28 days 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

CL-NP 5.28 8.53 7.07 6.18 

CL-NP-N05 6.30 9.25 7.07 3.52 

CL-NP-N25 4.66 5.92 5.20 4.43 

CL-NP-N50 4.42 5.85 5.77 8.91 

CL-NP-N100 4.65 7.73 5.49 5.99 

CL-NP-N125 4.76 10.15 6.08 9.42 

CL-NP-N245 3.14 30.11 3.69 12.75 

Figure 4.3 – Results of flexural tensile strength tests at ages of 7 and 28 days of mortar specimens prepared with 

different CNT/binder ratios 

 

Chemical admixture comparison 

As it was mentioned before, the main problems of the application of CNTs in cement 

composites are dispersion and bond. The objective of the next tests was to evaluate the 

performance of some commercially available concrete chemical admixtures with respect to 

the dispersion and bond of CNTs in the cement matrixes through the preparation and testing 

of mortar specimens. CNTs grown on clinker with 2.5 % iron addition (converter dust) in 0.3 
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% of the binder content were used, based also on the results of Melo et al. (2011).These 

mortars were identified by the label CL. 

Brazilian CP-V type cement was also used in this case. The w/c ratio was equal to 

0.43. Four different types of admixtures or their combination were employed: the same 

combination of polycarboxylate and polynaphtalene used previously (label NP in the mortar 

identification), a lignosulfonate and polysaccharide based – RheoSet TecMult 850 (label LS 

in the mortar identification) – and a sulphonated melamine based – Basf Melment F10X (label 

SM in the mortar identification). The sulphonated melamine based admixture comes in the 

form of a powder; meanwhile all other admixtures used are already dissolved. In order to 

maintain a similar solid content of the admixtures, the dosage of the sulphonated melamine 

admixture was equal to 0.5 % of binder content, while the total addition of the other 

admixtures was kept between 1.5 and 1.6 % with respect to the binder content. The mix 

proportions are shown in Table 4.2. 

 

Table 4.2– Detailing of the mix proportions for chemical admixture comparison tests 

Mortar identification Admixture composition 
Admixture 

content* [%] 

CNT content* 

[%] 

CL-NP 

polycarboxylate + 

sulphonated 

polynaphtalene 

0.8 + 0.8 0 

CL-NP-N30 

polycarboxylate + 

sulphonated 

polynaphtalene 

0.8 + 0.8 0.3 

CL-LS 
lignosulfonate and 

polysaccharide 
1.5 0 

CL-LS-N30 
lignosulfonate and 

polysaccharide 
1.5 0.3 

CL-SM sulphonated melamine 0.5 0 

CL-SM-N30 sulphonated melamine 0.5 0.3 

* - with respect to binder content 

 

There was no significant difference between the workability of the mortars, nor could 

clusters of clinker with CNTs be identified during the mixing. 
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Beams 25 × 25 × 150 mm
3
 in size were used for three-point bending tests (span equal 

to 80 mm) at the ages of 7 and 28 days after casting. Six specimens of every composition 

were tested at each age. Due to the quantity of material mixed in each batch, compressive 

strength was evaluated only at 28 days. Cubic specimens (40 × 40 × 40 mm
3
) were used in 

this case. The strength test results are presented in Figures 4.4 and 4.5. 

Specimens made with polysaccharide based plasticizer did not harden and tests could 

not be performed in all cases. The compressive strength tests of reference mortar prepared 

with sulphonated melamine were performed only on two specimens due to the failure of the 

specimens prior to testing; therefore its results were discarded. With the exemption of these 

two mortars, compressive strength of mortars with CNTs showed enhancement in 

performance with respect to the corresponding reference. On the other hand, gains in the 

flexural tensile strength for mortars CL-NP-N30 and CL-SM-N30 with respect to reference 

ones were marginal, if any. Mortar CL-LS-N30 prepared with lignosulfonate showed the best 

performance with respect to flexural strength (14.9 % gain at 28 days). For compressive 

strength, mortar CL-NP-N30 had the highest gain: 43.1 % gain at 28 days. Since the principal 

objective was to enhance tensile behavior of mortars, the lignosulfonate admixture was 

chosen as the main dispersing agent to be used for further testing in order to reduce the 

number of variables. 
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Mortar 

identification 

Flexural tensile strength 

7 days 28 days 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

CL-NP 7.12 7.13 7.86 7.18 

CL-NP-N30 6.73 11.01 7.16 1.74 

CL-LS 4.70 5.07 5.97 13.66 

CL-LS-N30 5.84 15.16 6.86 3.39 

CL-SM 7.89 8.25 7.80 5.62 

CL-SM-N30 8.18 7.03 7.90 6.29 

 

CL-NP – reference mortar prepared with polycarboxylate and polynaphtalene admixtures; 

CL-NP-N30 – mortar prepared with polycarboxylate and polynaphtalene admixtures and 0.3 % 

CNTs/CNFs; 

CL-LS – reference mortar prepared with lignosulfonate admixture; 

CL-LS-N30 – mortar prepared with lignosulfonate admixture and 0.3 % CNTs/CNFs; 

CL-SM – reference mortar prepared with sulfonated melamine admixture; 

CL-SM-N30 –mortar prepared with sulfonated melamine admixture and 0.3 % CNTs/CNFs 

Figure 4.4– Flexural tensile strength of mortar specimens prepared with different admixtures at 7 and 28 days. 
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Mortar 

identification 

Compressive strength 

28 days 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

CL-NP 37.40 11.13 

CL-NP-N30 53.53 2.03 

CL-LS -* -* 

CL-LS-N30 54.33 3.40 

CL-SM 55.00** 8.49** 

CL-SM-N30 36.00 20.47 

* - tests could not be performed due to inefficient hardening of mortar 

** - only two results 

 

CL-NP – reference mortar prepared with polycarboxylate and polynaphtalene admixtures; 

CL-NP-N30 – mortar prepared with polycarboxylate and polynaphtalene admixtures and 0.3 % 

CNTs/CNFs; 

CL-LS – reference mortar prepared with lignosulfonate admixture; 

CL-LS-N30 – mortar prepared with lignosulfonate admixture and 0.3 % CNTs/CNFs; 

CL-SM – reference mortar prepared with sulfonated melamine admixture; 

CL-SM-N30 –mortar prepared with sulfonated melamine admixture and 0.3 % CNTs/CNFs 

Figure 4.5– Compressive strength of test specimens prepared with different admixtures at 28 days. 
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Effect of batching procedure 

When nano-sized particles are added to a cementitious composite, the preparation 

processes are of extreme importance in order to ensure a good dispersion. Three different 

mortars were produced to investigate the effects of changes in the mixing order of the 

composite components. Nano-structured clinker (labeled CL in the mortar identification) 

made with 2.5 % converter dust addition was used in this case. The w/c ratio and the 

CNT/CNF content was 0.48 and 0.1% respectively. Brazilian CP-V type cement was used. 

Lignosulfonate and polysaccharide based plasticizer was used at 0.5 % of cement weight 

(labeled LS05). The CNTs/CNFs in an aqueous dispersion may react first with plasticizer 

molecules without competing with other particles and a better dispersion could be achieved. 

The mortar CL-LS05-DM-N10 was prepared by first mixing the nano-structured clinker with 

the cement; then the sand aggregates were added. Finally the plasticizer dissolved in water 

was placed over. The second mortar (CL-LS05-WM-N10) was prepared by mixing first the 

nano-structured clinker to water and plasticizer and then pouring it to the dry mix of cement 

and sand. Besides these mortars incorporating nano-structured clinker, a plain reference one 

(CL-LS05) was prepared with the same amount of plasticizer. Details about the mixing 

proportions are shown in Table 4.3. 

 

Table 4.3 – Detailing of the mixing proportions for investigation of the effect of mixing order 

Mortar identification CNT/CNF content* Observations 

CL-LS05 0 - 

CL-LS05-DM-N10 0.1 % CNTs/CNFs added to cement 

CL-LS05-WM-N10 0.1 % CNTs/CNFs added to mixing water 

* - with respect to binder content 

 

No apparent inhomogeneities or difference in workability could be visualized during 

the mixing. 

Compressive strength was determined at the ages of 7 and 28 days on cylindrical 

specimens. These experiments were performed at the laboratory of Intercement SA. at Pedro 

Leopoldo, Minas Gerais. Test results are presented in Figure 4.6. 
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Mortar 

identification 

Compressive strength 

7 days 28 days 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

CL-LS05 40.70 1.28 48.80 1.43 

CL-LS05-DM-N10 42.50 1.18 50.63 0.80 

CL-LS05-WM-N10 42.00 0.95 48.57 0.86 

CL-LS05 – reference; 

CL-LS05-DM-N10 – mortar with 0.1 CNTs/CNFs dry mixed with cement; 

CL-LS05-WM-N10 – mortar with 0.1 % CNTs/CNFs added with mixing water 

Figure 4.6– Compressive strength of mortars prepared with different mixing process at the ages of 7 and 28 days 

Both mortars incorporating nano-structured clinker had practically equal compressive 

strength at the ages of 7 and 28 days. The differences were less than 5 %.There was also no 

significant difference ( 5 %) with respect to the reference mortar. These results show that at 

these conditions there is practically no importance whether the CNTs/CNFs are dry mixed 

with cement or added together with mixing water. The supposed better functionalization of 

the nanotubes added with mixing water did not result in higher compressive strength of the 

composite. 
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Covalent functionalization: performance of ammonia functionalized nano-

structured clinker 

CNTs and CNFs with modified structure were successfully synthesized using 

ammonia on clinker with 2.5 % iron addition in the form of converter dust (labeled CL-NH in 

the mortar identification). In order to evaluate the reinforcing effect of these functionalized 

nanotubes cylindrical mortar specimens were cast and tested in axial compression and tensile 

splitting. Brazilian CP-III type cement was used and the w/c ratio of these mortars was 0.375. 

Lignosulfonate and polysaccharide based plasticizer and polycarboxylate based 

superplasticizer were used at 0.8 % both of the binder (labeled LP in the mortar 

identification). Three compositions were prepared: CL-NH-LP without nanotubes, CL-NH-

LP-N10 with 0.1 % and CL-NH-LP-N30 with 0.3 % of CNTs/CNFs with respect to the binder 

content. Details about the three mortar compositions are given in Table 4.4. 

 

Table 4.4 – Detailing of the mixing proportions of mortars prepared with ammonia treated nano-structured 

clinker 

Mortar identification CNT/CNF content* 

CL-NH-LP 0 

CL-NH-LP-N10 0.1 % 

CL-NH-LP-N30 0.3 % 

* - with respect to binder content 

 

There was no significant difference between the workability of the three mortars and 

no clusters of clinker with CNTs/CNFs were identified during the mixing. 

The tests were performed at the ages of 7 and 28 days on four specimens of each 

composition and type of test. Test results are shown in Figures 4.7 and 4.8. 
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Mortar 

identification 

Splitting tensile strength 

7 days 28 days 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

CL-NH-LP 3.98 3.62 3.54 10.53 

CL-NH-LP-N10 3.00 24.52 2.55 13.66 

CL-NH-LP-N30 4.21 11.33 3.46 15.79 

CL-NH-LP – reference; 

CL-NH-LP-N10 – prepared with 0.1 % CNTs/CNFs; 

CL-NH-LP-N30 – prepared with 0.3 % CNTs/CNFs. 

Figure 4.7– Splitting tensile strength of mortars prepared with 0, 0.1 and 0.3 % of ammonia functionalized 

CNTs/CNFs 

 

Splitting tensile strength tests did not show significant enhancement of mortars 

prepared with ammonia functionalized nanotubes. The mortar containing 0.3 % CNTs/CNFs 

had higher tensile strength than the other containing 0.1 % but remained lower than the 

reference at the ages of 7 and 28 days. 

The values obtained during splitting tensile tests of mortars incorporating ammonia 

treated nano-structured clinker showed high variability. The scattering of the results indicate 

an inhomogeneous mortar due to inefficient dispersion of the nanotubes. 
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Mortar 

identification 

Compressive strength 

7 days 28 days 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

CL-NH-LP 31.57 15.26 36.65 4.71 

CL-NH-LP-N10 42.85 7.90 39.78 2.95 

CL-NH-LP-N30 37.82 5.22 41.88 5.99 

CL-NH-LP – reference; 

CL-NH-LP-N10 – prepared with 0.1 % CNTs/CNFs; 

CL-NH-LP-N30 – prepared with 0.3 % CNTs/CNFs. 

Figure 4.8– Compressive strength of mortars prepared with 0, 0.1 and 0.3 % of ammonia functionalized 

CNTs/CNFs 
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on the flexural tensile and compressive strength of cement mortar was investigated using 40 

×40 × 160 mm
3
prismatic specimens. The surfactants used were the previously standardized 

lignosulfonate and polysaccharide based plasticizer (LS) and polivinylpyrrolidone (PVP) at 

1.5 % and 1.0 % of binder respectively. PVP comes in the form of pure powder therefore its 

dosage was reduced with respect to that of the dissolved LS admixture. Brazilian CP-III type 

cement was used. The water to binder ratio was 0.40. The silica fume content in all cases was 

10 % of the cement mass. Composition details of the mortar specimens are presented in Table 

4.5. 

 

Table 4.5 –Mix details of mortars prepared with PVP and lignosulfonate dispersing agents and nano-structured 

silica fume 

Mortar identification CNT/CNF content* Admixture type 

SF-PVP 0 PVP 

SF-PVP- N30 0.3 % PVP 

SF-LS 0 Lignosulfonate-polisaccharide based 

SF-LS-N30 0.3 % Lignosulfonate-polisaccharide based 

* - with respect to binder content 

 

The consistency of mortars prepared with PVP was apparently drier. No significant 

indications of inhomogeneities could be visually identified during mixing. 

Testing ages were 7 and 28 days. Flexural tensile and compressive tests were 

performed on the same specimens using steel plates as described previously. The results are 

presented in Figures 4.9 and 4.10. 

The results of the flexural tensile and compressive strength of CNT-containing mortar 

prepared with lignosulfonate admixture show some enhancement with respect to the reference 

one at the age of 28 days. The gains were 9.4 % and 39.6 % in flexural tensile and 

compressive strength respectively. 

On the other hand, CNT/CNF addition to mortar prepared with PVP surfactant had 

negative effect on the flexural tensile strength at both investigated ages. Compressive strength 

was not influenced by CNT/CNF addition at 7 days; meanwhile a 15 % gain was achieved at 

28 days. 
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Mortar 

identification 

Flexural tensile strength 

7 days 28 days 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

SF-PVP 6.15 2.93 9.57 8.00 

SF-PVP-N30 5.84 1.51 8.50 3.51 

SF-LS 5.03 6.89 7.52 4.48 

SF-LS-N30 4.89 2.61 8.23 4.15 

SF-PVP – reference without CNTs with PVP; 

SF-PVP-N30 – with CNTs and with PVP;  

SF-LS – reference without CNTs and with lignosulfonate based plasticizer;  

SF-LS-N30 – with CNTs and with lignosulfonate based plasticizer. 

Figure 4.9– Flexural strength of test specimens for investigation of the behavior of mortars incorporating nano-

structured silica fume 
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Mortar 

identification 

Compressive strength 

7 days 28 days 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

SF-PVP 38.38 11.22 41.00 10.48 

SF-PVP-N30 38.668 4.46 47.22 5.76 

SF-LS 31.23 9.70 42.00 8.76 

SF-LS-N30 37.40 11.43 58.63 3.82 

SF-PVP – reference without CNTs with PVP; 

SF-PVP-N30 – with CNTs and with PVP; 

SF-LS – reference without CNTs and with lignosulfonate based plasticizer; 

SF-LS-N30 – with CNTs and with lignosulfonate based plasticizer. 

Figure 4.10– Compressive strength of test specimens for comparison of the behavior of mortars incorporating 

nano-structured silica fume. 
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was determined by adding it to the clinker gradually until the total amount ceased to evaporate 

as a result of the highly exothermic reaction. The preparation was dried at 105 °C 

immediately after the reaction stopped, in order to minimize clinker hydration. The w/c ratio 

this time was 0.41, Brazilian CP-III type cement was used and 1.5 % (with respect to binder 

weight) lignosulfonate and polysaccharide based plasticizer (LS) was added to help CNT 

dispersion. The CNT content remained 0.3 % of binder weight. Details of these mortar mix 

proportions are shown in Table 4.6. 

 

Table 4.6 – Details of mortars prepared with H2O2 treated nano-structured clinker 

Mortar identification CNT/CNF content* 

CL-POX-LS 0 

CL-POX-LS-N30 0.3 % 

* - with respect to binder content 

 

There was no visible difference between the workability of the two mortars. No 

clusters of clinker with nanotubes could be visually identified during the mixing of CL-POX-

LS-N30 mortar. 

Prismatic specimens 40 × 40 × 160 mm
3
 in size were cast in which flexural tensile 

strength tests and compression tests were subsequently performed as described previously. 

Because of some problems with scheduling the tests, they were performed at the ages of 10, 

and 28 days. Test results are presented in Figures 4.11 and 4.12. 
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Mortar 

identification 

Flexural tensile strength 

10 days 28 days 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

CL-POX-LS 6.78 4.28 7.59 3.81 

CL-POX-LS-N30 7.81 0.53 8.44 5.62 

CL-POX-LS – reference plain cement mortar; 

CL-POX-LS-N30 – mortar with hydrogen peroxide treated CNTs. 

Figure 4.11– Flexural tensile strength of test specimens for evaluation of the addition of nano-structured clinker 

treated by hydrogen peroxide 
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Mortar 

identification 

Compressive strength 

10 days 28 days 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

Mean 

[MPa] 

Coefficient 

of variation 

[%] 

CL-POX-LS 27.85 11.87 34.58 6.29 

CL-POX-LS-N30 31.83 20.09 43.58 12.24 

CL-POX-LS – reference plain cement mortar; 

CL-POX-LS-N30 – mortar with hydrogen peroxide treated CNTs. 

Figure 4.12– Compressive strength of test specimens for evaluation of the addition of nano-structured clinker 

treated by hydrogen peroxide 
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The best results achieved by nano-structured clinker were 14.9 % enhancement of 

flexural tensile (using lignosulfonate based plasticizer) and 43.1 % increase of compressive 

strength (using polynaphtalene and polycarboxylate plasticizers) at 28 days with respect to the 

reference without nanotubes (Table 4.7). The highest gains achieved with nano-structured 

silica fume were 9.4 % in flexural tensile strength and 39.6 %in compressive strength, also at 

28 days. 

 

Table 4.7 – Comparison of the gains obtained in flexural tensile and compressive strength of mortars prepared 

with nano-structured materials with different supports without covalent functionalization 

Type of nano-structured material 

Maximum percentage gain achieved with 

respect to reference at 28 days 

Tensile strength Compressive strength 

Nano-structured clinker (CL-LS-N30) 14.9 % - 

Nano-structured clinker (CL-NP-N30) - 43.1 % 

Nano structured silica fume (SF-LS-N30) 9.4 % 39.6 % 

 

Mortars incorporating nanotubes functionalized by ammonia during the synthesis 

showed only small increase in tensile and compressive strength than the reference, if any. At 

the same time the nano-structured clinker treated by hydrogen peroxide resulted in 11.2 % and 

26.0 % higher flexural tensile and compressive strength respectively at 28 days (Table 4.8). 

This difference was theoretically foreseen by Sanchez and Zhang (2008) using molecular 

dynamics simulation. Hydrogen peroxide is an inexpensive material and is a commonly used 

air entrainer admixture for concrete thus there is no known incompatibility issues with cement 

based materials. The method developed during the investigations to functionalize the 

nanotubes is much easier to conduct with respect to conventional treatments to create 

covalently bonded functional groups (DATSYUK et al., 2008; MELO, 2009; BATISTON, 

2012): the material is inexpensive and easy to handle and the process can be adapted to 

existing concrete production chain. 
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Table 4.8 – Comparison of the gains obtained in flexural tensile and compressive strength of mortars prepared 

with nano-structured clinker with different functionalization methods 

Covalent functionalization method 

Maximum percentage gain achieved with respect 

to reference at 28 days 

Tensile strength Compressive strength 

Ammonia treatment (CL-NH-LP-N30) - 14.3 % 

Hydrogen peroxide treatment (CL-POX-LP-N30) 11.2 % 26.0 % 

 

When comparing the presented results with others found in the literature it can be 

seen, that there was a significant increase of gains in strength of mortars prepared with the in-

situ synthesized nano-structured materials with respect to the ones prepared with the physical 

mixture of high quality CNTs, with probably higher tensile strength and without covalent 

functionalization (Table 4.9). 

 

Table 4.9 – Comparison of percentage gains in compressive and tensile strength of CNT-cement mortars 

prepared with surfactants obtained during present and previous investigations 

Author CNT content 

Results 

Tensile strength 
Compressive 

strength 

Cwirzen et al., 2009 0.006-0.15 % 0 0 

Musso et al., 2009 0.5 % - 34 % 

Ludvig (this study) 0.3 % 14.9 % 43.1 % 

 

The same comparison of gains of both compressive and tensile strengths of mortars 

prepared with nano-structured clinker treated with hydrogen peroxide show similar results to 

those of mortars prepared with covalently functionalized high quality CNTs (Table 4.10). 

However the functionalization process presented in this study is considerably simpler than 

those used for high quality CNTs. 

Gains in tensile strength in all cases remained lower than that of compressive strength. 

This phenomenon may be caused by poor dispersion and bond of CNTs in the hardened 

cement matrix. The nanotube addition in this case can have two effects: they may fill in 
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smaller pores and/or they may act as nucleating sites for the formation of hydration products 

(MAKAR and CHAN, 2009).At the same time the bond between the carbon material and the 

hydration products is weak, therefore the better results in the compressive behavior of such 

composites than in the tensile characteristics. 

 

Table 4.10 – Comparison of percentage gains in compressive and tensile strength of CNT-cement mortars 

prepared with covalently functionalized nanotubes obtained during present and previous investigations 

Author CNT content 

Results 

Tensile strength 
Compressive 

strength 

Li et al., 2005 0.5 % 19 %* 25 % 

Batiston et al., 2008 0.5 % - 22 % 

Cwirzen et al., 2008 0.045 % - 50 % 

Musso et al., 2009 0.5 % 0* 0 

Melo et al., 2011 0.3 % 34 %** 12 % 

Ludvig (this study) 0.3 % 11.2 %* 26.0 % 

* – flexural tensile strength 

** – splitting tensile strength 

 

4.3 Pore structure and density of CNT/CNF-cement mortar composites 

Pore structure and density of mortars were analyzed by nitrogen adsorption and helium 

pycnometry. For these two investigations pieces of mortar specimens were cut instead of 

grounding (MELO, 2009) in order to minimize damage to the pore structure. On the other 

hand, pores without contact with the outer surface of the samples possibly were not 

considered by the investigations. The specimens in all cases were those previously tested at 28 

days of age. Mix proportions and other details are given in Table 4.11. All mortars were 

prepared using lignosulfonate and polysaccharide based admixture. The approximate size of 

the samples was 5 × 5 × 20 mm
3
. The samples were dried at 60°C during one week. The 
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drying at this temperature was found to be relatively effective in sample preparation for 

mercury porosimetry analysis (GALLÉ, 2001). The samples were degasified after the drying 

process and analyzed on a Quantachrome Instruments Nova 2200 instrument in the 

Laboratory of the Chemistry of Nanostructures at the Development Center of Nuclear 

Technology (CDTN – Centro de Desenvolvimento da Tecnologia Nuclear). Helium 

pycnometry measurements were performed on the same specimens using a Quantachrome 

Instruments Ultrapycnometer 1000 equipment in the same laboratory. 

 

Table 4.11 – Details of specimens analyzed by gas adsorption porosimetry and He pycnometry 

Sample name 
CNT/CNF content* 

[%] 
W/C ratio 

CPIII-CL-LS
1
 0 0.43 

CPIII-CL-LS-N30
1,3

 0.3 0.43 

CP-III-CL-POX-LS-N30
1,5

 0.3 0.43 

CPV-CL-LS
2
 0 0.43 

CPV-CL-LS-N30
2,3

 0.3 0.43 

CPIII-SF-LS
1
 0 0.40 

CPIII-SF-LS-N30
1,4

 0.3 0.40 

CPIII-CL-NH-LP
1
 0 0.375 

CPIII-CL-NH-LP-N10
1,6

 0.1 0.375 

CPIII-CL-NH-LP-N30
1,6

 0.3 0.375 

* – with respect to binder content 
1
 – CP-III cement 

2
 – CP-V cement 

3
 – with nano-structured clinker 

4
 –with nano-structured silica fume 

5
 – with H2O2 treated nano-structured clinker 

6
 – with ammonia treated nano-structured clinker 

 

Results of the gas adsorption porosimetry and He pycnometry are presented in Table 

4.12. Specific surface area was determined by both multipoint and single point method. The 

average pore diameter was determined based on the adsorption and desorption data. For 

density analysis 20 measurements were done by the pycnometer and the average of the last 

three values was considered. Detailed data of the gas adsorption porosimetry by BET and He 

pycnometry can be found in Annex C. 
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Table 4.12 – Results of the pore structure analysis of mortars incorporating CNTs/CNFs synthesized on clinker 

and silica fume with different surface treatments and in different amounts 

Sample name 
Multipoint specific 

surface area [m
2
/g] 

Single point 

specific surface 

area [m
2
/g] 

Average pore 

diameter [nm] 

Density 

[g/cm
3
] 

CPIII-CL-LS 1.56 1.60 15.8 2.63 

CPIII-CL-LS-N30 2.21 2.21 12.7 2.68 

CP-III-CL-POX-LS-N30 2.27 2.31 14.3 2.71 

CPV-CL-LS 1.59 1.61 14.0 2.67 

CPV-CL-LS-N30 1.79 1.81 12.8 2.65 

CPIII-SF-LS 2.23 2.26 17.7 2.55 

CPIII-SF-LS-N30 2.76 2.74 14.1 2.61 

CPIII-CL-NH-LP 1.81 1.82 15.4 2.66 

CPIII-CL-NH-LP-N10 2.30 2.30 11.5 2.68 

CPIII-CL-NH-LP-N30 2.12 2.15 13.5 2.67 

 

The specific surface areas of the same samples measured with the two methods – multi 

point and single point – presented only small differences. Thus the results of any of the two 

methods could be considered for discussion. Pore diameters of the mortar specimens had an 

average between 10 and 15 nm. The parameter less affected by the incorporation of nano-

structured material was the density determined by helium pycnometry with 3 % maximum 

alteration. 

Specific surface area of mortars prepared with nano-structured clinker and CP-III 

cement was higher than that of ordinary cement mortar by approximately 40 % (Table 4.13). 

In the case of CP-V mortars the presence of nano-structured clinker resulted in less, about 12 

% of increase of specific surface area. The mortars containing nano-structured silica fume had 

approximately 23 % increase of the specific surface area. 

 



95 

Table 4.13 – Comparison of the pore structure analysis results of mortars made with Brazilian CP-III and CP-V 

type cements and with nano-structured clinker or silica fume 

Sample 

identification 

Reference 

sample 

identification 

Multipoint 

specific surface 

area 

Average pore 

diameter 
Density 

CPIII-CL-LS-N30 CPIII-CL-LS +41.7 % -19.6 % +1.9 % 

CPV-CL-LS-N30 CPV-CL-LS +12.6 % -8.6 % -0.7 % 

CPIII-SF-LS-N30 CPIII-SF-LS +23.8 % -20.3 % +2.4 % 

 

The average pore diameter of the CP-III mortar decreased as an effect of nano-

structured clinker addition in the amount of 0.3 % of CNTs/CNFs with respect to binder 

content (Table 4.13). The decrease was 19.6 %. Brazilian CP-V type cement mortars 

presented similar characteristics: the inclusion of the same amount of nano-structured clinker 

resulted in 8.6 % decrease of the mean pore diameter. The addition of nano-structured silica 

fume caused a decrease of the pore diameter of the CP-III mortar by 20.3 %. 

The density of Brazilian CP-III type cement mortar incorporating nano-structured 

clinker was higher than plain cement mortar as determined by He pycnometry (Table 4.12). 

The increase was from 2.63 to 2.68 g/cm
3
. The mortars prepared with CP-V cement did not 

show similar behavior. The measured density of plain cement mortar was 2.67 g/cm
3
, 

meanwhile that of the sample containing nano-structured clinker was 2.65 g/cm
3
. The addition 

of nano-structured silica fume increased the density of the mortar from 2.55 to 2.61 g/cm
3
. All 

investigated parameters presented higher alterations when using CP-III cement, than in the 

case of CP-V type. At the same time there was no significant difference between the effect of 

nano-structured clinker and nano-structured silica fume addition to CP-III mortar. 

The incorporation of ammonia treated nanotubes grown on clinker had also a similar 

effect on the mortars. However, mortars incorporating 0.1 % of CNT/CNF of the binder 

content showed a higher increase of the specific surface area with respect to ordinary cement 

mortars than the ones incorporating 0.3 %. The increases were about 27 % and 17 % 

respectively (Table 4.14). The addition of 0.3 % of CNTs/CNFs treated with hydrogen 

peroxide increased the specific surface area of the Brazilian CP-III type cement mortar by 45 

%. This effect of H2O2 treated nanotube addition is significantly higher than that of the 

addition of ammonia treated ones. 
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Table 4.14 – Comparison of the pore structure analysis results of mortars made with Brazilian CP-III type 

cement and with ammonia or H2O2 treated nano-structured clinker 

Sample identification 
Reference sample 

identification 

Multipoint 

specific surface 

area 

Average pore 

diameter 
Density 

CPIII-CL-POX-LS-N30 CPIII-CL-POX-LS +45.5 % -9.5 % +3.0 % 

CPIII-CL-NH-LP-N10 CPIII-CL-NH-LP +27.1 % -25.3 % +0.8 % 

CPIII-CL-NH-LP-N30 CPIII-CL-NH-LP +17.1 % -12.3 % +0.4 % 

 

The pore diameter was also smaller after adding CNTs/CNFs treated with ammonia: 

25.3 % for mortars incorporating 0.1 % of this type of nanotubes and 12.3 % in the case of 

mortars with 0.3 % of CNTs/CNFs (Table 4.14). The addition of hydrogen peroxide treated 

nanotubes caused the reduction of the mean pore diameter of mortars. The decrease was 9.5 

%. 

The addition of ammonia treated nanotubes did not influence significantly the mortar 

density. The values were 2.66, 2.68 and 2.67 g/cm
3
 for mortars incorporating 0, 0.1 and 0.3 % 

of nanotubes respectively. At the same time, the addition of hydrogen peroxide treated 

nanotubes increased the density of Brazilian CP-III type cement mortar from 2.63 to 2.71 

g/cm
3
 (Table 4.12). 

Among the investigated parameters the more influenced by the addition of hydrogen 

peroxide treated nanotubes than by ammonia treated ones were the specific surface area and 

the density. On the other hand, mean pore size suffered higher influence when ammonia 

treated nano-structured clinker was employed. Pore structure of mortars prepared with lower 

ammonia treated CNT/CNF content presented higher alterations than the other prepared with 

higher CNT/CNF content. A better dispersion of fewer nanotubes may explain this difference. 

The small increase of the density may indicate a denser cement matrix as a result of 

the addition of nanomaterials. The nanotubes may act as nucleating sites for hydration product 

formation, as it can be concluded from the BET results: higher surface area and smaller pores 

indicate that CNTs and CNFs filled some pores and divided them into smaller ones. This 

phenomenon causes the increase of specific surface area. Since practically no change was 

observed in the density of the mortars, the same volume of pores are distributed in smaller 

ones with higher specific surface area. 
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The increase of specific surface area and the decrease of pore diameter were also 

witnessed by Melo et al. (2011) on cement mortars incorporating CNTs in contents between 

0.3 and 0.75 % of binder mass. The mortars with 0.3 % CNT content showed the highest 

alterations of these parameters with respect to the reference: specific surface area was 

increased by 58.7 % and pore diameter was decreased by 31.3 %. The higher nominal values 

obtained by Melo et al. can be explained by the higher w/c ratio of 0.48 against values 

between 0.375 and 0.43 used in present investigations. Helium pycnometry results of Melo et 

al. showed also marginal influence of CNT addition on the density of the mortars. 

The increase of specific surface area (13 to 45 % increase) and decrease of mean pore 

diameter (9 to 25 % decrease) indicates a better packing of cement hydration products even 

with the same mortar density values. The better packing can explain the better compressive 

behavior of the mortars containing CNTs/CNFs. 
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5   

CONCLUSIONS 

5.1 Synthesis 

CNTs and CNFs were successfully synthesized on Portland cement clinker and silica 

fume using CVD method. The catalysts of the CNT/CNF synthesis were prepared using the 

clinker or silica fume as support and or the iron content of the support itself, or the addition of 

industrial wastes containing iron as catalyst particles. Silica fume with converter dust and 

clinker with steel mill scale or converter dust addition produced CNTs and CNFs in best 

quantity and quality. Scanning electron microscopy and thermogravimetric analysis approved 

to be effective tools for the qualitative characterization of the products. The synthesis 

efficiency at the same time was determined by the mass loss at 800 °C as the increased 

amount of sample analyzed reduced the effect of inhomogenity. 

The optimal synthesis parameters were determined using pure clinker as catalyst. The 

parameters that resulted in the highest production were: 30 minutes of process duration, 500 

sccm acetylene or ethylene flow and 775 ºC temperature. The addition of industrial wastes 

such as steel mill scale and converter dust to clinker resulted in the growth of CNTs/CNFs 

with better morphology. Highest production was achieved using as catalyst clinker mixed 

with 2.5 % additional iron. 

The highest production was achieved by silica fume as catalyst support, due to the 

higher surface area of this support than that of ground clinker. At the same time the products 

have high dispersion of size and morphology when comparing with high quality and high 
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purity CNT growth processes. The use of raw materials with low quality control probably 

caused the apparent deterioration of the nanotubes. On the other hand, the synthesis process of 

CNTs/CNFs on clinker or silica fume is much less complex and much less expensive than that 

of high quality synthesis. 

Simple processes for functionalization of these nanotubes were developed. When 

ammonia was introduced during the synthesis process, CNTs suffered an alteration in their 

structure. This alteration may indicate a successful nitrogen functionalization. The 

functionalization process consists of the use of an additional gas during the synthesis which 

gives various advantages with respect to other common functionalization processes based on 

acids (DATSYUK et al., 2008, MELO, 2009). Functionalization with hydrogen peroxide also 

occurs under milder conditions which do not interfere with the reactivity of clinker. 

The produced nano-structured clinker was subjected to comparative physic-chemical 

investigations. The results showed no significant alteration in Blaine fineness, chemical 

composition and setting times of Brazilian CP-III and CP-V type cement when nano-

structured clinker was added at 0.3 % nanotube concentration. 

5.2 Characterization of nano-structured mortars 

The optimal CNT/CNF content of cement mortars was found to be in the range of 0.1 

to 0.3 % of binder weight. Higher amount of nanotubes do not disperse well and tend to form 

clusters which weaken the matrix. Some commercial concrete admixtures worked well to 

disperse the nano-structured material. The best tensile test results were achieved by a 

lignosulfonate based plasticizer (14 % enhancement). With respect to compressive strength, a 

combination of polynaphtalene and polycarboxylate admixtures led to 43 % gain. 

The treatment of the nanotubes with ammonia caused modifications on their structure, 

but compressive or tensile strengths of the mortars prepared with such nano-structured clinker 

did not show enhancement. At the same time, positive results were obtained by nano-

structured clinker treated by hydrogen peroxide. Gains were observed in both tensile and 

compressive strength of mortars prepared with H2O2 treated nanotubes, which indicate a 

possibly stronger bond of these nanotubes to the cement paste. 

With respect to published mechanical property results of mortars prepared with 

physical mixture of high quality and high purity CNTs, it can be concluded that the addition 

of nano-structured clinker or silica fume to cement mortars can provide similar or better 
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enhancement in these properties. This fact strongly suggests that issues of dispersion and 

bond to the cement paste matrix are more relevant at this level than the mechanical strength of 

the nanotubes themselves. 

Pore structure of the mortars was analyzed by gas adsorption and He pycnometry. The 

incorporation of CNTs/CNFs caused an increase of specific surface area of the mortars, 

meanwhile reducing the mean pore diameter. The addition of these nanomaterials resulted in a 

finer pore structure. The smaller pores have higher surface area, which explains the observed 

increase of this parameter. At the same time the nano-structured clinker or silica fume 

addition caused a small increase of the density. The incorporation of nanotubes and 

nanofibers resulted in a more compact matrix probably by filling in pores and by serving as 

catalysts for the formation of cement hydration products. The same observations were made 

by Melo (2009) on the pore structure of mortars prepared with the physical mixture of CNTs. 

These observations suggest that the addition of CNTs/CNFs results in a better compaction of 

hardened cement pastes, causing also an increase of compressive strength of these 

composites. 

5.3 Propositions for future investigations 

As a new material, there are several fields that remain to be investigated with respect 

to the synthesis and characterization of nano-structured materials. Based on the findings of 

present study further research should focus on the following fields: 

 Development of a continuous production process based on a rotating CVD reactor in 

order to increase production and homogeneity of the material as well as to reduce 

costs. Further characterization will also be necessary. 

 Tests of other gas sources in order to reduce production costs and/or improve synthesis 

efficiency and product quality. The use of nitrogen as carrier gas instead of argon has 

already been reported (MALGAS et al., 2008) and could significantly reduce costs of 

CNT synthesis. The use of cheaper carbon source gases (methane or natural gas) may 

also reduce production costs. The use of nitrogen as carrier gas may cause alteration of 

the nanotube structure (TANG et al., 2004) and may be a simple functionalization 

method linked to the synthesis process which may enhance the bond between 

nanotubes and the cement matrix. 
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 Evaluation of the dispersion of the CNTs/CNFs in the cement matrix. A possible 

method may be developed based on electrical resistivity of the composites. Because of 

the high conductivity of the nanotubes, a better dispersion would result in the 

reduction of resistivity of the composite. 

 Investigation of the interaction between the nano-structured material and surfactants in 

order to optimize the dispersing effect on the nanotubes. The quantity of the surfactant 

adsorbed on the nano-structured material surface may characterize the dispersive agent 

efficiency (ZHANG et al., 2001; WANG et al., 2007). 

 Theoretic study (possibly by molecular dynamics) of the interaction between CNTs 

and cement matrix in order to achieve information about the ideal dosage, size, 

morphology and functionalization of the nanotubes. 

 Continue the investigation based on the promising results of mortars prepared with 

hydrogen peroxide. Another mild functionalization process may be developed based 

on ozone treatment. 

 Investigations on other cement-based, nano-structured materials: concrete and paste. 

 Investigation of the possibility to use blast furnace slag as catalyst support for 

CNT/CNF synthesis. 

 Evaluation of the strength at the ages after 28 days in order to characterize the effect of 

CNT/CNF addition on the whole hydration process of Portland cement. The strength 

values at more advanced ages may be used as final strength and may result in material 

(cement) saving which can reduce the environmental impact of structures made with 

nano-structured cement. 
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APPENDIX 1 

Characterization of ammonia functionalized CNTs 

 

Introduction 

When clinker or silica fume were used as catalyst support for CNT/CNF synthesis, the 

analysis methods for product characterization were limited. More detailed analysis such as 

Transmission electron microscopy (TEM) or Raman spectroscopy can only be performed on 

purified samples. The remove of clinker or silica fume needs a more complicated purification 

process than if magnesium oxide would be used as support. In order to characterize the 

alterations of the nanotube structure caused by the use of ammonia during the synthesis 

process, some investigations were done with CNTs grown on MgO catalyst support. The 

samples were purified by a method based on acid treatment and analyzed by TEM and Raman 

spectroscopy. It was supposed that the alteration of the nanotubes structure observed in the 

case of MgO support would be similar to that caused to CNTs/CNFs grown on clinker. 

Transmission electron microscopy 

As an electron beam hits a surface, different types of radiations are created that bring 

information about the sample. The beams that cross the sample are used to create transmission 

electron microscopy (TEM) images. In order to the electron beam be able to cross the surface, 

the acceleration voltage has to be higher than that used in SEM, and the sample has to be also 

thin enough. In the case of powder like samples it is possible to create suspensions and drop 

on a sample holder grid. TEM can give higher magnification images than SEM. TEM also 

provides information about the internal structure of the sample. (SKOOG and LEARY, 1992) 

Raman spectroscopy 

Raman effect is an inelastic light scattering resulting of the interaction between the 

incident light (photons) and the molecular vibrations (phonons) of the material. This process 

produces scattered light with higher or lower energy than the incident photon. The 

corresponding phenomenae are called Stokes and anti-Stokes effect. 

One of the applications of this technique is the characterization of the degree of 

perfection of CNTs. A perfect graphite structure containing only sp
2
 bonds has a unique, 

tangential mode of scattering that has Raman effect, corresponding to the G band. When 
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imperfections are present in the sample, another band appears: the D band, corresponding to 

the disorder of the structure. G’ band is related to the D band at second order, but independent 

of the effects of disorder. The relationship between the intensities of D and G bands 

characterize how perfect the sample is. The higher the intensity of D band is with respect to 

the G band, the higher number of defects exists in the sample. In the case of CNTs, the 

positions of D and G bands are at approximately 1350 and 1582 cm
-1

 respectively. G’ band is 

present at 2700 cm
-1

 (DRESSELHAUS et al., 2005). 

 

Ammonia treatment of CNTs grown on MgO-FeO catalyst 

For the characterization of CNTs/CNFs prepared with ammonia in order to create 

amino functional groups an MgO-FeO catalyst mixture was prepared in the molar ratio of 1:4. 

This composition was chosen because of the ease of purification of the as-grown products that 

permits more detailed analysis. 

The MgO-FeO catalyst was processed with and without ammonia. It was supposed, 

that the ammonia flow causes similar alterations in the structure of nanotubes grown on 

clinker to those of products grown on MgO. The synthesized products were purified in HCl 

solution and were analyzed by TEM, Raman spectroscopy and TGA. 

TEM imaging was performed on purified samples of CNTs grown on FeO-MgO 

catalyst. As grown CNTs were placed in an oven at 430 °C for 30 minutes and then suspended 

in HCl solution by ultrasonic bath for 30 min. The samples were washed in distilled water 

until neutral pH was achieved. A suspension in absolute ethanol of the purified CNTs was 

prepared using an ultrasonic bath. One drop of the suspension was placed on the grid. Images 

were taken on a Tecnai SuperTwin FEI type instrument at the Center of Microscopy, UFMG. 

Samples for Raman spectroscopy were purified using the same methodology as for 

TEM sample preparation. The purified CNTs were placed on a glass sample holder. The 

analysis was performed using an Olympus BX51 microscope equipped by a DeltaNu 

ExamineR 532 spectrometer in the Nanomaterials Laboratory of the UFMG. 

TEM images show a modified, bamboo-like structure as the results of the ammonia 

treatment (Figure 7.1). At the same time, CNTs grown without ammonia present a higher 

quantity of defects. The mean diameter of unfunctionalized CNTs was 30.5 nm and of 

ammonia functionalized ones 28.4 nm (Figure 7.2). 
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a) b) 

Figure 7.1– Transmission electron micrograph of nanotubes grown on MgO-FeO catalyst a) without ammonia, 

b) with ammonia. Arrows indicate the bamboo-like structure. 

 

 

a) b) 

Figure 7.2– Histograms of the diameters of CNTs grown on MgO-FeO catalyst measured on SEM images. a) 

without ammonia; b) with ammonia 

 

The Raman spectra of purified CNTs grown on MgO-FeO catalyst had an ID/IG 

relation of 1.03 (Figure 7.3). The G’ peak is also clearly visible. The nanotubes grown with 

ammonia had a reduced ID/IG ratio of 0.83 (Figure 7.4). This reduction suggests a CNT 

structures with higher quantity of perfect bonds between the carbon atoms. The peaks D and 
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G had a higher “valley” between them. This fact may be explained by a possibly higher 

quantity of amorphous carbon present in the case of CNTs synthesized with ammonia, which 

resisted the same purification treatment as in the case of CNTs grown without ammonia. The 

higher amount of amorphous carbon was also indicated by the disappearance of G’ band in 

the background noise. 

 

 

Figure 7.3 – Raman spectra of purified CNTs grown on MgO-FeO catalyst without ammonia. Intensity is 

represented with arbitrary units 

 

 

Figure 7.4 – Raman spectra of purified CNTs grown on MgO-FeO catalyst with ammonia. Intensity is 

represented with arbitrary units 
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The comparison of the TGA results of CNTs grown with and without ammonia on 

MgO-FeO catalyst shows a lower temperature mass loss peak for ammonia functionalized 

CNTs (Figures 7.5 and 7.6). The peak appears at 633 °C for untreated CNTs meanwhile 

functionalized CNTs show peak at 588 °C. The lower ignition temperature of functionalized 

CNTs may be caused by the smaller diameter of the CNTs, observed by TEM. 

 

 

Figure 7.5– TGA and DTG curves of purified CNTs grown on MgO-FeO catalyst without ammonia. Black color 

represents TGA and red color represents DTG curves 

 

 

Figure 7.6 – TGA and DTG curves of purified CNTs grown on MgO-FeO catalyst with ammonia. Black color 

represents TGA and red color represents DTG curves 
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The results showed clearly some modifications of the products synthesized on MgO-

FeO catalyst due to the injection of ammonia during the synthesis process. The 

functionalization method presented is simple with respect to other methods based on acids or 

microwave treatments. Also, the ammonia functionalization process occurs during the 

synthesis, which can shorten and simplify the production of amino-functionalized 

CNTs/CNFs in larger scale. 

According to the presented results, the synthesis process including ammonia treatment 

was adapted to produce ammonia functionalized nano-structured clinker. 
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8   

ANNEXES 
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ANNEX A – X-ray diffractometry analysis of raw materials 

A.1 – Introduction 

X-rays are electromagnetic radiation of wavelength between 5-25 nm. The X-rays are 

produced in X-ray tubes when electrons accelerated by high voltage hit the anode. The 

spectrum of the radiation is characteristic of the electrode metal material. The most common 

target (anode) materials are tungsten, copper, chromium, molybdenum, rhodium, iron or 

cobalt. When the X-ray radiation hits the sample material it suffers absorption and scattering. 

When the sample’s atoms are ordered as they are in a crystal, diffraction takes place which is 

the interference among the X-rays scattered by the periodically placed atoms. The X-rays are 

only reflected from the sample when Bragg’s law is satisfied: 

      
  

  
, (A.1) 

where θ is the angle of the incident radiation, n is an integer, λ is the wavelength of the 

radiation and d is the interplanar distance of the crystal. The interception of the diffracted 

beam gives information on the sample material qualitative composition and the size of 

crystallites. 

The X-ray diffraction (XRD) instrument consists of an X-ray tube as source, a detector 

and a sample holder, all mounted on a goniometer that allows exposing the sample to the X-

rays at different angles. The analysis of the sample consists of recording the intensity of the 

diffracted X-rays generally between 20 and 160° that will give peaks at certain angles. Each 

crystallous material has a typical X-ray diffraction pattern with peaks according to different 

angles. The comparison of the received XRD pattern with database patterns permits to 

identify the constituents of the sample. The resolution of the resulting intensity graph depends 

on the scanning speed of the detector (or source, or both, depending on the setup of the 

instrument). A lower scanning speed gives the position of each peak more precisely. (SKOOG 

and LEARY, 1992) 

Besides phase identification, XRD can also be used to determine the average size of 

crystallites. In order to this, a typical peak has to be analyzed in more details. Crystals in the 

size range below 0.1 μm cause the broadening of the peaks described by the following 

equation of Scherrer: 
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, (A.2) 

where B is the broadening of the peak in radians, λ is the wavelength of the characteristic X-

ray radiation, t is the particle diameter and θ is the peak position in radians. All X-ray 

diffraction lines naturally have a breadth. The above equation refers to the broadening of such 

a peak. To allow the determination of the particle size, the measured breadth of the peak is to 

be compared with a near peak of a known, standard material with particle size above 0.1 μm. 

The pattern of such materials consists of sharp peaks. The real broadening of the peak due to 

particle size effect can be given by the following equation: 

      
    

 , (A.3) 

where BM is the measured breadth of the line of the sample at half-maximum intensity and BS 

is the measured breadth of the line of the standard at half-maximum intensity. (CULLITY, 

1978) 

According to the previously described facts, a higher scanning speed is to be employed 

on the possibly highest range of angles to identify the phases of a sample during the XRD 

analysis, while for particle size determination a low speed scanning of a specific peak is 

necessary to achieve higher resolution of that single region. 
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A.2 – Methodology 

Sample preparation: 

The powder samples were diluted in absolute ethanol and compacted in a glass sample holder 

with cavity of 20 mm × 20 mm. 

Phase identification: 

Scanning occurred using 0,1 °/step scanning speed. The obtained difractogram was compared 

with known standards of different iron crystals in order to identify the iron phase present in 

the sample. 

Iron crystallite size measuring: 

Scanning occurred using 0.02 °/step scanning speed on the highest peak of the iron phase 

identified. The same measurement was performed on silicon standard. The width of the peaks 

was measured at mid-height as well as the intensity. The mean crystallite diameter t was 

determined with the following equation: 

   
     

       
, (A.4) 

where λ is the characteristic wavelength of the X-ray tube, θB is the position of the peak and B 

is given by: 

   √  
    

 , (A.5) 

where BM and BS are the widths of the peaks at mid-height of the sample and the standard, in 

radians. 
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A.3 – X-ray diffractograms 
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Clinker 

Iron ore 

Detailed diffractograms of the raw materials for Fe crystallite size 

determination by Scherrer method 
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Steel mill scale 
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ANNEX B – Detailed mechanical strength test results 

Optimal nanotube/cement ratio 

Identification 

7 days flexural 

strength [MPa] 

28 days flexural 

strength [MPa] 

CL-NP 

5.22 7.35 

5.14 6.56 

5.65 6.97 

5.87 6.57 

5.24 7.44 

4.57 7.54 

CL-NP-N05 

6.07 7.34 

6.19 6.89 

6.84 6.83 

5.29 7.22 

6.63 
 6.76 
 

CL-NP-N25 

4.95 5.56 

4.96 5.22 

4.73 5.27 

4.32 5.19 

4.62 5.11 

4.37 4.85 

CL-NP-N50 

4.40 6.47 

4.43 5.94 

4.34 5.14 

4.13 6.05 

4.31 5.80 

4.90 5.20 

CL-NP-N100 

4.76 5.53 

5.00 5.55 

5.06 5.60 

4.39 5.99 

4.14 5.03 

4.53 5.24 

CL-NP-N125 

4.23 6.93 

4.40 5.86 

4.81 6.63 

4.55 5.70 

5.57 5.86 

4.99 5.47 

CL-NP-N245 

3.78 3.35 

3.40 3.50 

1.74 4.23 

3.63 
  

Legends: 

CL-NP Reference mortar prepared with polynaphtalene and polycarboxylate admixtures 

CL-NP-N05 Mortar with polynaphtalene and polycarboxylate admixtures containing 0.05 % clinker 

grown CNTs/CNFs 

CL-NP-N10 Mortar with polynaphtalene and polycarboxylate admixtures containing 0.10 % clinker 

grown CNTs/CNFs 

CL-NP-N25 Mortar with polynaphtalene and polycarboxylate admixtures containing 0.25 % clinker 

grown CNTs/CNFs 

CL-NP-N50 Mortar with polynaphtalene and polycarboxylate admixtures containing 0.50 % clinker 

grown CNTs/CNFs 

CL-NP-N100 Mortar with polynaphtalene and polycarboxylate admixtures containing 1.00 % clinker 

grown CNTs/CNFs 

CL-NP-N125 Mortar with polynaphtalene and polycarboxylate admixtures containing 1.25 % clinker 

grown CNTs/CNFs 

CL-NP-N245 Mortar with polynaphtalene and polycarboxylate admixtures containing 2.45 % clinker 

grown CNTs/CNFs 
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Chemical admixture comparison 

Identification 
7 days flexural 

strength [MPa] 

28 days flexural 

strength [MPa] 

28 days 

compressive 

strength [MPa] 

CL-NP 

6.84 7.85 41.2 

6.39 7.89 33.0 

7.14 7.32 34.7 

7.76 8.63 40.7 

6.96 7.76  

7.61 8.51  

 

7.09  

CL-NP-N30 

6.94 6.99 53.7 

6.05 7.28 53.2 

5.9 7.01 54.9 

7.78 7.21 52.3 

7.32 7.31  

6.41 7.04  

 

7.12  

CL-LS 

4.96 5.21 26.1 

4.84 5.15 27.4 

4.54 6.83 34.2 

4.46 5.86 26.9 

 

7.01  

CL-LS-N30 

4.10 7.07 56.0 

6.11 6.59 54.6 

6.15 6.85 55.0 

6.38 6.97 51.7 

5.82 7.10  

6.50 6.57  

CL-PL 
2.80 4.19 28.9 

3.51 
 

32.1 

CL-PL-N30 

4.08 7.85 60.7 

3.42 8.25 59.8 

2.8 7.24 53.5 

3.51 7.60 50.2 

2.86 7.56  

3.54 7.39  

 

8.89  

 

8.78  

CL-SM 

6.92 7.86 51.7 

8.27 8.29 58.3 

8.17 7.44  

7.22 8.40  

8.24 7.38  

8.51 8.29  

 

7.67  

 
7.61  

CL-SM-N30 

8.26 8.41 31.5 

7.91 8.63 28.0 

8.88 7.39 41.7 

8.30 7.38 42.8 

7.21 8.28  

8.54 7.98  

 
7.75  

 

Legends: 

CL-NP Reference mortar prepared with polynaphtalene and polycarboxylate admixtures 

CL-NP-N30 Mortar with polynaphtalene and polycarboxylate admixtures containing 0.3 % clinker grown 

CNTs/CNFs 

CL-LS Reference mortar prepared with lignosulfonate based admixture 

CL-LS-N30 Mortar with lignosulfonate based admixture containing 0.3 % clinker grown CNTs/CNFs 

CL-PL Reference mortar prepared with lignosulfonate and polysaccharide based admixture 

CL-PL-N30 Mortar with lignosulfonate and polysaccharide based admixture containing 0.3 % clinker 

grown CNTs/CNFs 

CL-SM Reference mortar prepared with sulphonated melamine based admixture 

CL-SM-N30 Mortar with sulphonated melamine based admixture containing 0.3 % clinker grown 

CNTs/CNFs 
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Effect of batching procedure 

Identification 

7 days 

compressive 

strength [MPa] 

28 days 

compressive 

strength [MPa] 

CL-LS05 
40.1 48.8 

41.0 49.5 

41.0 48.1 

CL-LS05-DM-

N10 

43.0 51.0 

42.0 50.2 

42.5 50.7 

CL-LS05-WM-

N10 

42.4 48.9 

41.6 48.7 

42.0 48.1 

 

Legends: 

CL-LS05 Reference mortar prepared with lignosulfonate based admixture 

CL-LS05-DM-N10 Mortar with lignosulfonate based admixture containing 0.1 % clinker grown 

CNTs/CNFs dry mixed with cement 

CL-LS05-WM-N10 Mortar with lignosulfonate based admixture containing 0.1 % clinker grown 

CNTs/CNFs added with mixing water 
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Covalent functionalization: performance of ammonia functionalized nano-structured 

material 

Identification 
7 days flexural 

strength [MPa] 

28 days flexural 

strength [MPa] 

CL-NH-LP 
4.02 3.77 

4.10 3.11 

3.82 3.74 

CL-NH-LP-N10 

3.73 2.46 

2.54 2.85 

3.50 2.78 

2.21 2.09 

CL-NH-LP-N30 

3.86 2.65 

4.23 3.64 

3.86 3.82 

4.87 3.74 

 

Identification 

7 days 

compressive 

strength [MPa] 

28 days 

compressive 

strength [MPa] 

CL-NH-LP 
37.08 37.87 

29.44 35.43 

28.18 26.78 

CL-NH-LP-N10 

45.42 39.98 

45.05 38.52 

42.87 40.82 

38.06 

 

CL-NH-LP-N30 

35.99 43.71 

37.56 39.02 

49.00 42.91 

39.91 

  

Legends: 

CL-NH-LP Reference mortar prepared with lignosulfonate based admixture 

CL-NH-LP-N10 Mortar prepared with lignosulfonate based admixture containing 0.1 % clinker grown, 

ammonia functionalized CNTs/CNFs 

CL-NH-LP-N30 Mortar prepared with lignosulfonate based admixture containing 0.3 % clinker grown, 

ammonia functionalized CNTs/CNFs 
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Behavior of mortars made with Portland cement and nano-structured silica fume 

Identification 
7 days flexural 

strength [MPa] 

28 days flexural 

strength [MPa] 

SF-PVP 

5.92 8.48 

6.16 9.48 

6.15 9.71 

6.36 9.53 

 
10.63 

SF-PVP-N30 

5.80 8.87 

5.90 8.64 

5.74 8.34 

5.93 8.09 

 
8.58 

SF-LS 

5.29 7.28 

4.84 7.56 

5.34 7.14 

4.63 8.01 

 
7.62 

SF-LS-N30 

4.97 7.91 

5.01 8.66 

4.73 8.54 

4.84 8.02 

 
8.03 

 

Identification 
7 days compressive 

strength [MPa] 

28 days 

compressive 

strength [MPa] 

SF-PVP 

40.0 40.2 

42.8 36.4 

38.1 39.9 

32.6 40.4 

 
48.1 

SF-PVP-N30 

39.3 48.8 

36.1 48.1 

39.7 47.5 

39.6 49.2 

 
42.5 

SF-LS 

29.4 37.6 

35.6 45.7 

30.9 38.6 

29.0 43.3 

 
44.8 

SF-LS-N30 

35.6 59.6 

41.1 55.9 

32.2 61.1 

40.7 57.9 

 

Legends: 

SF-PVP Reference mortar prepared with polivinylpyrrolidone containing 10 % silica fume 

SF-PVP-N30 Mortar prepared with polivinylpyrrolidone containing 0.3 % silica fume grown CNTs/CNFs 

and 10 % silica fume 

SF-LS Reference mortar prepared with lignosulfonate based admixture containing 10 % silica fume 

SF-LS-N30 Mortar prepared with lignosulfonate based admixture containing 0.3 % silica fume grown 

CNTs/CNFs and 10 % silica fume 
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Covalent functionalization: hydrogen peroxide as functionalizing agent 

Identification 
10 days flexural 

strength [MPa] 

28 days flexural 

strength [MPa] 

CL-POX-LS 

6.62 7.78 

6.73 7.73 

7.20 7.69 

6.56 7.16 

CL-POX-LS-N30 

7.44 8.66 

8.47 8.84 

7.33 7.76 

7.99 8.50 

 

Identification 

10 days 

compressive 

strength [MPa] 

28 days 

compressive 

strength [MPa] 

CL-POX-LS 

28.6 31.4 

27.4 36.2 

23.7 35.7 

31.7 35.0 

CL-POX-LS-N30 

39.0 47.9 

25.4 36.0 

27.6 43.8 

35.3 46.6 

 

Legends: 

CL-POX-LS Reference mortar prepared with lignosulfonate based admixture 

CL-POX-LS-N30 Mortar prepared with lignosulfonate based admixture containing 0.3 % clinker grown, 

hydrogen peroxide functionalized CNTs/CNFs 
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ANNEX C Pore structure analysis results 

C.1 – Gas adsorption porosimetry 

Introduction 

Gas adsorption porosimetry is known generally as BET, which stands for Stephen 

Brunauer, Paul Hugh Emmett and Ede Teller, the inventors of the theory of measuring the 

surface area of a porous material by the quantity of adsorbed gas molecules on its surface. The 

previously cleaned (outgassed) sample is placed in vacuum and slowly N2 gas is injected in 

the recipient. The area occupied by an adsorbed nitrogen molecule is known (16.2 Ǻ
2
 that is 

0.162 nm
2
). When the molecules are adsorbed on the surface, they do not interfere in the 

atmospheric pressure, so the amount of injected nitrogen and the measured pressure will give 

information about the surface area (including open pores) and pore structure of the sample. 

The analysis can go on until the pressure of condensation of nitrogen is reached. As the 

adsorption is a reversible phenomenon, the desorption can also be performed decreasing the 

pressure. The whole process has to be effectuated at a constant temperature, generally 77 K (-

196 °C). The results, called isotherms, are generally represented in a plot injected gas volume 

versus P/P0 where P is the equilibrium pressure, P0 is the saturation (condensation) pressure 

of nitrogen (Figure 8.1). In order to determine the specific surface area, the area of the 

adsorbed monolayer has to be divided by the mass of the sample. The forms of the isotherms 

give information whether the specific surface area can be determined by the BET model. 

 

Figure 8.1– Classification of isotherms (I-VI) according to pore size and distribution, with the monolayer 

saturation point (B). II and IV follow BET model. Vertical axis represents gas volume and horizontal axis P/P0 

ratio. Source: Sing et al.(1985) 

http://saf.chem.ox.ac.uk/Instruments/BET/sorpoptprin.html
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Closed pores are not included in the measurement as they are inaccessible for the 

nitrogen. Typical pore size ranges that can be investigated by gas adsorption porosimetry 

include micro- and meso pores from 1 nm, which is the physical limit for a nitrogen molecule. 

(SING et al., 1985) 

Sample preparation 

Pieces of mortar specimens were cut with diamond saw. The specimens in all cases 

were those previously tested at 28 days of age. Mix proportions and other details are given in 

Table 8.1. The approximate size of the samples was 5 × 5 × 20 mm
3
. The samples were dried 

at 60°C during one week. The samples were degasified after the drying process and analyzed 

on a Quantachrome Instruments Nova 2200 instrument. 

 

Table 8.1 – Details of specimens analyzed by gas adsorption porosimetry and He pycnometry 

Sample name 
CNT/CNF content* 

[%] 
W/C ratio 

CPIII-CL-LS
1
 0 0.43 

CPIII-CL-LS-N30
1,3

 0.3 0.43 

CP-III-CL-POX-LS-N30
1,5

 0.3 0.43 

CPV-CL-LS
2
 0 0.43 

CPV-CL-LS-N30
2,3

 0.3 0.43 

CPIII-SF-LS
1
 0 0.40 

CPIII-SF-LS-N30
1,4

 0.3 0.40 

CPIII-CL-NH-LP
1
 0 0.375 

CPIII-CL-NH-LP-N10
1,6

 0.1 0.375 

CPIII-CL-NH-LP-N30
1,6

 0.3 0.375 

* – with respect to binder content 
1
 – CP-III cement 

2
 – CP-V cement 

3
 – with nano-structured clinker 

4
 –with nano-structured silica fume 

5
 – with H2O2 treated nano-structured clinker 

6
 – with ammonia treated nano-structured clinker 
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C.3 – BET results 

Sample CPIII-CL-LS 
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Red: adsorption 

Blue desorption 
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Sample CPIII-CL-LS-N30 
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Red: adsorption 

Blue desorption 
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Sample CPV-CL-LS 
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Red: adsorption 

Blue desorption 
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Sample CPV CL-LS-N30 
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Red: adsorption 

Blue desorption 
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SampleCPIII-SF-LS 
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Red: adsorption 

Blue desorption 



164 

SampleCPIII-SF-LS-N30 

 

 



165 
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Red: adsorption 

Blue desorption 
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SampleCPIII-POX-LS-N30 
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Red: adsorption 

Blue desorption 



174 

Sample CPIII-CL-NH-LP 
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Red: adsorption 

Blue desorption 
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Sample CPIII-CL-NH-LP-N10 
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Red: adsorption 

Blue desorption 



184 

SampleCPIII-CL-NH-LP-N30 
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186 

 



187 

 



188 

 

Red: adsorption 

Blue desorption 
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C.3 – Helium pycnometry 

Introduction 

Helium pycnometry is used for measuring the density – or more accurately the volume 

– of a solid sample. A pycnometer consists of two chambers of known volume (one contains 

the sample) connected through a valve. One of the chambers is pressurized and the change of 

the pressure is registered after opening the valve. This pressure ratio with the known chamber 

volumes gives the sample volume. The density can be measured of the sample mass and the 

sample volume obtained. As the precision of the measurement depends of the ratio between 

the fine surface roughness of the sample and the atomic or molecular size of the used gas, the 

most convenient is to use helium. Besides the small size, the inertness of He gives also an 

advantage. 

The sample should be previously cleaned and dried to avoid the interference of 

adsorption or vapor pressure. As pycnometry gives the volume inaccessible to the used gas, 

closed pores are included in the obtained sample volume. He pycnometry has approved to be 

useful to analyze pore structure of Portland cement mortars (AMARAL et al., 2012). 

Sample preparation 

The same prepared for gas adsorption porosimetry were used for helium pycnometry 

investigations too. Measurements were performed using a Quantachrome Instruments 

Ultrapycnometer 1000 equipment. 
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C.4 – Helium pycnometry results 

Sample CPIII-CL-LS 
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Sample CPIII-CL-LS-N30 
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Sample CPV-CL-LS 
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Sample CPV-CL-LS-N30 
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Sample CPIII-SF-LS 
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Sample CPIII-SF-LS-N30 

 



196 

Sample CPIII-CL-POX-LS-N30 
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Sample CL-NH-LP 
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Sample CL-NH-LP-N10 
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Sample CL-NH-LP-N30 
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