UNIVERSIDADE FEDERAL DE MINAS GERAIS
ESCOLA DE ENGENHARIA

PROGRAMA DE POS-GRADUACAO EM ENGENHARIA DE ESTRUTURAS

PETER LUDVIG

SYNTHESIS AND CHARACTERIZATION OF PORTLAND CEMENT
MANUFACTURED WITH CARBON NANOTUBES

DOCTORAL THESIS

SUPERVISOR: Dr. Prof. José Marcio Fonseca Calixto

CO-SUPERVISOR: Dr. Prof. Luiz Orlando Ladeira

BELO HORIZONTE

DECEMBER - 2012



A minha Chérie



AGRADECIMENTOS

A minha esposa Priscila, pelo amor e apoio mesmo nos momentos dificeis, pessoa sem

a qual eu nunca teria chegado ao Brasil e nem teria entrado no “mundo da pesquisa”.

Ao meu orientador Prof. Dr. José Marcio Fonseca Calixto, por ter acreditado em mim,

pela paciéncia, apoio e pelo carinho e amizade durante estes quatro anos.

Ao meu co-orientador Prof. Dr. Luiz Orlando Ladeira, pela atencdo e motivacao,

fazendo com que eu me envolvesse no “universo nano”.

A Profa. Dra. Sofia Maria Carrato Diniz, pela participacdo da banca de defesa de tese

e de projeto de tese e pelas criticas construtivas.

Ao Prof. Dr. Marcos Assuncdo Pimenta, pela constante atencdo, pela participacdo na
banca de defesa de tese e de projeto de tese e pelas criticas construtivas.

Ao Prof. Dr. Philippe Jean Paul Gleize, pela participacdo na banca de defesa de tese e

de projeto de tese e pelas criticas construtivas.

Ao Prof. Dr. Valder Nogueira Freire, pela participacdo na banca de defesa de tese e

pelas criticas construtivas.

Ao Prof. Dr. Paulo Roberto Gomes Brandao, pela consultoria sobre os métodos de

investigacdo dos materiais.

A minha colega Jinia Nunes de Paula, pela simpatia e pelas discussdes sobre a

nanotecnologia do cimento.
A Profa. Dra. Elizabeth Vieira Maia, pelas conversas e pela alegria.

Ao Prof. Dr. Francisco Carlos Rodrigues e ao Prof. Dr. Rodrigo Barreto Caldas, pela
disponibilidade e aos técnicos do Laboratério de Andlise Experimental de Estruturas da
UFMG, pela ajuda na realizagéo dos ensaios.

Aos colegas do Laboratério de Nanomateriais da UFMG, especialmente Daiana,
Edelma, Erick, Eudes, Samuel, Sérgio, Viviany, pela boa convivéncia e pelas contribui¢fes ao

meu trabalho.

Aos membros do Centro de Microscopia pelo fornecimento de excelentes imagens

para este trabalho.



A equipe do Laboratorio de Microanalise da UFMG pela disponibilidade e pela ajuda

na andlise dos materiais.

Ao Laboratorio de Cristalografia da UFMG, especialmente ao Alexandre de Melo

Moreira, pela realizacao das analises envolvendo difracdo de raios X.
Ao Mateus Justino da Silva do CEFET pela ajuda emergencial.

Aos membros do Laboratdrio de Quimica de Nanoestruturas da CDTN, especialmente
a Profa. Dra. Adelina Pinheiro Santos, a Profa. Dra. Clascidia Aparecida Furtado, ao Sérgio
Carneiro dos Reis, a Carla Onara e a Sirlaine Diniz, pela disponibilidade para realizar as

analises de termogravimetria, BET e picnometria.
Aos meus estagiarios Ivan, Julia e Taing, pela ajuda e pela boa vontade.

Aos funcionarios da Oficina Mecénica do ICEX, pela ajuda na fabricacao e conserto de

varios equipamentos.

A Intercement Brasil SA (extensivo aos funcionarios), pela disposicao, pelo auxilio na
realizacdo dos ensaios e pelo apoio financeiro ao projeto.

Ao Centro de Pesquisa e de Desenvolvimento da Magnesita Refratarios SA pelo

grande apoio na realizacdo da parte experimental.

Ao Eng. Adriano Gamallo da BASF AS pelas consultas e pelo fornecimento de

materiais para 0s experimentos.

Ao Eng. Silvio de Paula Pereira da RheoSet por fornecer materiais para 0S

experimentos

Ao Eng. Célio Monteiro da Sika AS Brasil pelo fornecimento de materiais para 0s

experimentos.

Ao INCT de Nanomateriais de Carbono pelo apoio financeiro para a realizagdo deste
trabalho.

A FAPEMIG pelo apoio financeiro durante a realizacao deste trabalho.

Enfim, a todos que, de alguma forma, contribuiram durante estes quatro anos para o

desenvolvimento deste trabalho.



KOSZONETNYILVANITAS

Koszonettel tartozom Sziileimnek és Ocsémnek amiért akkora tavolsagbol is velem

voltak és timogattak egy Uj élet kezdetén.

Koszondm volt tanaromnak, Dr. Nédli Péternek a doktori tanulmanyok folytatasahoz

nyujtott timogatasat.

REMERCIEMENTS

Je tiens a remercier M. Dr. Mohammed Hjiaj de son support pour que je puisse

continuer mes études a niveau doctorat.

ACKNOWLEDGEMENTS

I would like to acknowledge the help of Noah Lozada during his stay in Belo

Horizonte that was very important for the advance of my work.



RESUMO

O cimento Portland (PC) é um dos produtos mais consumidos no mundo. Seus
derivados (concreto, argamassa, pasta) apresentam caracteristicas satisfatorias quanto a
compressdo, entretanto o0 mesmo nao ocorre com relacéo a tragdo. Os nanotubos de carbono
(NTCs) possuem elevada resisténcia a tracdo, sendo deste modo candidatos para reforcar
estruturalmente materiais cimenticicos. Varias tentativas foram realizadas no mundo para
desenvolver processos envolvendo a producdo de compdsitos a partir da mistura fisica de
cimento e de nanotubos de alta qualidade. Atualmente estes processos sdo ainda inviaveis
para produzir material de constru¢do em grande escala. Os problemas a isto associados estéo
relacionados a escala e custo de producdo, além da dispersdo e ligacdo dos nanotubos na
matriz de cimento. Para tentar resolver estes problemas, neste trabalho foi desenvolvido um
processo de sintese in-situ de nanotubos e nanofibras de carbono em clinquer e silica ativa.
Além disso, residuos da siderurgia como carepa de laminacdo de aco e po de aciaria foram
utilizados para melhorara as caracteristicas dos produtos. Os produtos da sintese foram
caracterizados por microscopia eletrénica de varredura, por analise termogravimétrica e por
residuo por queima. Estes produtos apresentaram grande heterogeneidade em morfologia. Foi
desenvolvido também um processo de funcionalizacdo in-situ dos nanotubos via amdnia. Os
materiais nano-estruturados foram adicionados aos cimentos CP-IIl e CP-V em uma
concentracdo de 0,3 % para realizacdo de analises fisico-quimicas convencionais de cimento.
O tempo de pega apresentou um leve aumento no cimento CP-V, mas 0s demais parametros
ndo sofreram alteracGes significativas pela adicdo de clinquer nano-estruturado. Argamassas
foram preparadas para testar as resisténcias a compressdo e a tracdo dos compositos, este
ultimo por flex&o ou por compressdo diametral. Aumentos nas resisténcias a compresséo e a
tracdo foram observados em argamassas preparados com 0,3 % de nanotubos em relacdo 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 perdxido de
hidrogénio como agente de funcionalizagéo. A adicéo de silica ativa nano-estruturada também
provocou aumento de resisténcia mecanica dos compositos. Analises por BET e por
picnometria a hélio mostraram aumento da &rea superficial especifica e reducao dos diametros

dos poros dos compositos.



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

caracterizacao, ensaios mecanicos



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-
Il 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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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 meter) is the scale of atoms and molecules. At the end of the 20" 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.



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 (CNTSs) 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 CNTSs 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., 20044;
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.
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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.



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 vyield 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.



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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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 COx:

MgCO3; - MgO + CO,. (2.1)1

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

equation:

! Mehta and Monteiro, 1994



CaC0; - Ca0 + CO,. (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 (C4,AF) with free
CaO. At 900 °C belite (dicalcium silicate, C,S) phase begins to form catalyzed by present Al
and Fe:

2Ca0 + Si0, - 2Ca0.Si0,. (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€a0.5i0, + Ca0 — 3Ca0.Si0,. (2.4)*

During the cooling process, part of the C3S phase decomposes in C,S liberating free
CaO, in function of the speed of cooling. If the cooling is too slow, a greater part of Cs3S
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 | — normal Portland cement), NBR 11578 (CP Il — composite
cement), NBR 5735 (CP Ill — 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 % C,S, 5-10 % C3A, 5-15 % C,AF
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 CO, release that represents
approximately 5 % of global CO, 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
% Mehta and Monteiro, 1994
* Mehta and Monteiro, 1994



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
C0,.0n 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 CsA. 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 (C,S) 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



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.

Rate of Heat
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Period
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minutes hours days

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):

2C5S + 6H — C3S,Hs + 3CH; (2.5)5

2C,S + 4H — C3S,H; + CH. (2.6)6

It is seen, that C3S generates more CH than C,S. C3S hydrates more rapidly and thus
contributes to the early age (2-3 h to 14 days) strength; meanwhile C,S 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

CI/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 C,AF
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).

® Mehta and Monteiro, 1994
® Mehta and Monteiro, 1994



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:

e Control of the nanoporosity of C-S-H and the interlaminary distance, in order to assure
the continuity and uniformity of bonds;

e 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/C,S 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
13



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" century. The modern era
discovery of CNTSs is discussed by Monthioux and Kuznetsov (2006), but it was without any
doubt after the work published by lijima (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, SWCNTSs) 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 SWCNTSs, 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 MWCNTSs).Nowadays there are only some theoretical studies on the
comparison of the mechanical properties of SWCNTSs 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).

@ :metal e :semiconductor armchair”

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) CNTSs, 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
um diameter) and have a different, tube-like structure. CNFs are also different from CNTSs,
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).
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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 CNTSs. 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 MWCNTSs 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):

_ w3—=(wi—-wy) -
Y == X 100, 2.7)
where w; is the catalyst’s initial weight, w, 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 (RUMMELLI 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

" 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 N, 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 CNTSs 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 CNTSs 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 MWCNTSs 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 MWCNTSs. 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 CNTSs, 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 (Ml et al., 2005;
TIRPIGAN 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 MWCNTSs 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 MWCNTSs
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
SWCNTSs impregnated by PVC resin. The mean value of 3.6 GPa of tensile strength is similar

to that of commercial carbon fibers.
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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 SiO,, 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 SiO, 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-Y1 and FELDMAN, 1985; DE ROJAS and FRIAS,
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 SiO, and Fe,O3 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-SiO,. The results showed higher heat liberation through the early stages of hydration
of the concrete due to the addition of SiO, nanoparticles averaging 10 nm in size. Change in
the concrete weight during the cure was also observed: specimens containing 4 % nano-
SiO,with 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-SiO, 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.
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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 CNTSs 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 x 40 mm x 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 MWCNTSs 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 CNTSs, 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),. 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 CNTSs 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 CNTSs.

27



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

Type of )
Author ) o CNT content CNT aspect ratio Results
functionalization
) 22 % increase in compressive strength of PC
Batiston et al., 2008 Carboxyled 0.25-0.5% 8.3-375
mortars
. Carboxyled and treated No enhancement of compressive and flexural
Batiston, 2012 ) 0.05-0.10 % 17-1500
with Ca(OH), strength of PC pastes
] 50 % increase in compressive strength of PC
Cwirzen et al., 2008 Carboxyled 0.042-0.15 % 200-400
pastes
) 19 and 25 % increase in compressive and
Li et al., 2004a Carboxyled 0.5% 16.7-50000
flexural strength of PC mortars
12 and 34 % increase in compressive and
Melo et al., 2011 Carboxyled 0.3-0.75 % 8000-90000
flexural strength of PC mortars
Losses in flexural and compressive strength
Musso et al., 2009 Carboxyled 0.5% 5-1000

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, . 47 % increase in flexural strength of
PVP 0.25% Not given
2010 PC pastes
) No enhancement of compressive and
Cwirzen et al., 2008 PAA 0.006-0.15 % 1000
flexural strength of PC pastes
SDBS, NaDC, TX-100, 29 and 21 % increase in flexural and
Luo et al., 2009 0.2 % 125-750 .
GA, CTAB compressive strength of PC pastes
34 % increase in compressive
Musso et al., 2009 MAP 0.5% 500-25000

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



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 MWCNTSs: 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 SWCNTSs 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 —NH,, =0, —OH, protonated and deprotonated -COOH (-COO" with Ca** 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 -NH;, =0, —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 wic 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

agueous 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.

x10000
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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
(JOZIC and ZELIC, 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
SO; 0.55
MnO 0.05
Al,O3 3.94
K0 1.33
Fe,0; 3.08
SiO, 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

Fe,0; 0.04
Cao 0.20
Al,0; 0.08
MgO 0.63
Na,O 0.15
K,0 0.40
Si0, 96.47
H,0 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 (Fe,O3) 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
SO, 0.02
MnO 1.48
Al,O4 241
K0 0.02
Fe,O; 77.32
Sio, 1.74
Ca0o 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 wdstite (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
SO; 0.01
MnO 1.00

AlLO; 0.27
K,0 0.01
FeO 85.45
SiO, 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 (Fe,O3). 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
@) 32.47
Mg 3.22
Si 0.74
Ca 6.80
Fe 55.76

Clinker

Clinker contains approximately 3 % of iron oxide (of C4,AF phase), as presented above
(Table 3.1). The form of iron oxide in this case was hematite (Fe,O3). 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 (Fe,O3). Steel mill scale was composed of wistite (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 [%6]
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 CataTIyst Total Fe
particles content [%6]

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 Total Fe
Catalyst Support )
particles content [%0]
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
45



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 10x up to ~1,000,000x. 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°® 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 200,000x. 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 Carbon Gas flow Synthesis Synthesis Mass loss at
identification source [sccm] temperature [°C]  duration [min] 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 Carbon Gas flow Synthesis Synthesis Mass loss at
identification source [sccm] temperature [°C]  duration [min] 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 Carbon Gas flow Synthesis Synthesis Mass loss at
identification source [sccm] temperature [°C]  duration [min] 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 Source of Total Fe Synthesis Mass loss at
identification  additional iron content [%] temperature [°C] 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.

Mag Det|Spot HV = WD | HFW |- 5.0pm
13000x ETD| 3.9 20.0 kV 15.0 mm|10.40 pm

Figure 3.2— SEM image of curly CNTs and CNFs grown on pure clinker
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Figure 3.4 — SEM image of straight CNTs and CNFs grown on CS-5 catalyst
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Det |Spot HV WD HFW 5.0pm
7000x|ETD| 3.9 20.0 kV/15.0 mm 19.31 pm

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 Total Fe Carbon Synthesis Synthesis Mass loss at
identification  content [%0] source temperature [°C]  duration [min] 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.

Mag Det Spot HV WD
7000x ETD 3.9 120.0 kV/15.1 mm 19.31 pym

Figure 3.7 — SEM image of CNTs/CNFs grown on CD-1 catalyst
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Mag Det Spot HV WD HFW
5000x ETD 3.0 10.0 kV 15.0 mm 27.04 ym

Figure 3.8— SEM image of well distributed CNTs and CNFs on clinker particles (CD-2.5 catalyst)

Mag Det Spot HV WD HFW
10000x ETD 3.9 20.0 kV 15.0 mm 13.52 ym

Figure 3.9 — SEM image of CNTs/CNFs synthesized on CD-5 catalsyt
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Mag Det Spot HV WD HFW
4000x ETD 3.9 20.0 kV 15.0 mm/33.80 ym

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.

Occurences

T T
X 40 [} (%] 100

Diameter [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.

6§20°C

Mass [%]

1.1%

0 200 400 600 800

Temperature [°C]

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).

Mag Spot HV WD |Det HFW 2.0um
15000x 3.0 130.0 kV 9.5 mm ETD 9.01 ym CENTRO DE MICROSCOPIA UFMG

Figure 3.13 — SEM image of CNTs/CNFs synthesized on clinker and functionalized with ammonia

b

Mag Spot HV WD |Det| HFW - i )
50000x 3.0 30.0 kV 9.5 mm/ETD|2.70 pm CENTRO DE MICROSCOPIA UFMG

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 %.

100 569°C
95 )
4 21.5%
gg'
St 9
g 90 - <
@ do1 ©
= ()
85 4
80 -
4
75 T T T h{ T v T
200 400 600 800

Temeprature [°C]

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 Carbon Gas flow Synthesis Synthesis Mass loss at
identification source [sccm] temperature [°C] time [min] 800°C [%0]
FS-2.5 acetylene 500 750 30 25
100 i 615°C |
o] I 666°C
80 ]
£ 0
o 70 4 S <
< 5
0} 3 o
% 60 R =
gl 4
40 - L
0 T v T v T v T v T
0 200 400 600 800

Temperature [*C]

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.

Mag |(Spot HV WD | Det HFW ——500.0nm
100000x 3.0 30.0 kV|13.4 mm ETD 1.35 ym CENTRO DE MICROSCOPIA UFMG

Figure 3.18 — SEM image of CNTs grown on silica fume under high magnification

Mag Spot HV WD Det| HFW . — R L1
10000x 3.0 30.0 kV 13.4 mm ETD/13.52 pm CENTRO DE MICROSCOPIA UFMG

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-I1l 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-1ll 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?/g, meanwhile with
the inclusion of CNTS/CNFs it changed to4752 cm?/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

Pure Brazilian Brazilian CP-V type

Compound CP-V type cement with 0.3 %

cement [%0] CNTSs/CNFs [%0]
SiO, 21.03 20.89
Al,O4 5.12 5.07
Fe,03 2.56 2.63
CaO 61.00 60.94
MgO 2.61 2.60
SO, 331 3.24
Na,O 0.28 0.28
K0 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-I111 type cement

Blaine fineness of pure Brazilian CP-111 type cement was 4199 cm?/g. With 0.3 % of
CNTS/CNFs addition it changed t04209 cm?/g. Thus no significant influence was revealed
with nanotube addition to CP-I11 cement fineness.

Composition of pure Brazilian CP-IllI 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-I11 cement.

66



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

Pure Brazilian Brazilian CP-111 type

Compound CP-111 type cement with 0.3 %
cement [%6] CNTSs/CNFs [%0]
SiO, 25,89 25,60
AlL,O4 6,64 6,56
Fe 0 2,09 2,22
CaO 56,31 56,46
MgO 3,60 3,59
SO3 2,38 2,32
Na,O 0,28 0,30
K0 0,59 0,58

Water content for normal consistency of plain Brazilian CP-111 type cement paste was
0.280 with respect to cement weight. The same characteristic of CP-111 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-111 type cement.

The results of setting time investigations on CP-111 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-11I type cement pastes (initial setting at 190 minutes and final
setting at 290 minutes). Setting time of CP-I1l 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-I1I 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-111 type cement

Sample Start of setting End of setting Setting time

CP-111 reference 475 min 550 min 75 min

CP-111 with nano-
] 485 min 565 min 80 min
structured clinker
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Loss on ignition of nano-structured Brazilian CP-1ll type cement with 0.3 %
CNTs/CNFs was 2.74 %. The result for pure CP-lll 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-111 cement with 0.3 % nanotubes had an insoluble solid
content equal to 1.66 %.The result obtained for plain CP-11l 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-111 cement was not affected by the addition of nanotubes.

It can be concluded that the addition of 0.3 % of nanotubes to Brazilian CP-1I1 type
cement did not alter significantly the investigated characteristics with respect to the normal
variability of the parameters of the CP-I11 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-I1l1I

cements

The addition of nano-structured clinker did not result in significant alterations to the
investigated physical or chemical properties of CP-11l or CP-V type cements. Blain fineness
was influenced neither in the case of CP-II1 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-I1l 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-I1I 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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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®. Water to cement (wi/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 x 25 x 150 mm?® or
40 x 40 x 160 mm?® beams for the flexural tensile strength tests and 40 x 40 x 40 mm® 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 x 25 x 150 mm?® specimens and 100 mm for the 40 x 40 x 160 mm?® ones. The

flexural strength f."® of the specimens was determined according to the following equation:
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where F is the maximum load, | 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 x 40 x 40 mm® cube
specimens, the remaining ends of the 40 x 40 x 160 mm® beams were also used. In this later
case two 40 x 40 mm? 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?.

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 oy was calculated using the

following equation:

0, = =2 (4.2)?

" mpl

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,

® 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 CNTSs 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 CNTSs,
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 NO5 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).

72



Table 4.1- Mortar compositions for optimal nanotube/cement ratio determination tests

Mortar identification CNT content®
(%]
CL-NP 0

CL-NP-NO5 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 x 25 x150 mm?®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-NO5).
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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CL-NP 5.28 8.53 7.07 6.18
CL-NP-NO05 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 CNTSs 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 wi/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

Admixture CNT content*

Mortar identification ~ Admixture composition
content* [%] [%%6]

polycarboxylate +
CL-NP sulphonated 0.8+0.8 0
polynaphtalene

polycarboxylate +
CL-NP-N30 sulphonated 0.8+0.8 0.3
polynaphtalene

lignosulfonate and
CL-LS ) 15 0
polysaccharide

lignosulfonate and
CL-LS-N30 ) 15 0.3
polysaccharide

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 x 25 x 150 mm? 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 x 40 x 40 mm?®) 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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. L Coefficient Coefficient
identification Mean L Mean o
of variation of variation
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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 %
CNTSs/CNFs;
CL-LS — reference mortar prepared with lignosulfonate admixture;
CL-LS-N30 — mortar prepared with lignosulfonate admixture and 0.3 % CNTSs/CNFs;
CL-SM — reference mortar prepared with sulfonated melamine admixture;

CL-SM-N30 —mortar prepared with sulfonated melamine admixture and 0.3 % CNTSs/CNFs

Figure 4.4— Flexural tensile strength of mortar specimens prepared with different admixtures at 7 and 28 days.
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CL-NP — reference mortar prepared with polycarboxylate and polynaphtalene admixtures;

CL-NP-N30 — mortar prepared with polycarboxylate and polynaphtalene admixtures and 0.3 %
CNTSs/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 % CNTSs/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% CNTSs/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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CL-LSO05 — 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

m CL-LS05-WM-N10

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-111 type cement was used and the wi/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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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
CNTSs/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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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
CNTSs/CNFs

Compressive strength of mortars containing nano-structured clinker treated with
ammonia was higher than the reference at the investigated ages. The gains with respect to
reference were 8.5 and 14.3 % for CL-NH-LP-N10 and CL-NH-LP-N30 mortars respectively
at 28 days.

4.2.2 Behavior of mortars made with Portland cement and nano-structured silica

fume

CNTs and CNFs were successfully synthesized on silica fume support with converter
dust (representing additional 2.5 % Fe). The effect of the addition of this nano-structured
silica fume (0.3 % of nanotubes of the mass of binder, labeled SF in the mortar identification)
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on the flexural tensile and compressive strength of cement mortar was investigated using 40
x40 x 160 mm°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-111 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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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

85



70,00 - 70,00 -

60,00 - 60,00 -
‘©
a.
2, 50,00 - 50,00 -
) W SF-PVP
$ 40,00 - 40,00 -
-E B SF-PVP-N30
[
§ 30,00 30,00 SE-LS
Q
g_ 20,00 - 20,00 - W SF-LS-N30
o]
o
10,00 - 10,00 -
0,00 - 0,00 -
7 days 28 days
Compressive strength
7 days 28 days
Mortar _ __
. o Coefficient Coefficient
identification Mean o Mean o
of variation of variation
[MPa] [MPa]
[%0] [%0]
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;
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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.

4.2.3 Covalent functionalization: hydrogen peroxide as functionalizing agent

As presented in the literature review, CNT bonding in the cement matrix is an
important aspect in the reinforcing mechanism of nanotubes. To improve this bonding,
hydrogen peroxide (H,O,) was employed as a functionalizing agent for the nanotubes. Since it
is commonly used as air-entraining admixture in concrete, there is no compatibility problem
with Portland cement. CNTs/CNFs grown on clinker with 2.5 % Fe addition (in the form of
converter dust) were employed. The functionalization process was performed as follows.
Some 80 ml of H,0, was applied to 50 g of CNT-clinker composite. The quantity of H,O,
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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 wi/c ratio
this time was 0.41, Brazilian CP-111 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 H,0, 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 x 40 x 160 mm?® 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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CL-POX-LS - reference plain cement mortar;
CL-POX-LS-N30 — mortar with hydrogen peroxide treated CNTSs.

Figure 4.11- Flexural tensile strength of test specimens for evaluation of the addition of nano-structured clinker

treated by hydrogen peroxide

As it can be seen, the addition of H,O, treated CNTSs to the mortar resulted in slightly

higher compressive and flexural tensile strengths. The gains of flexural tensile and
compressive strength were 15.2 % and 14.3 % at 10 days and 11.2 % and 26.0 % at 28 days

respectively.
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CL-POX-LS - reference plain cement mortar;
CL-POX-LS-N30 — mortar with hydrogen peroxide treated CNTSs.

Figure 4.12— Compressive strength of test specimens for evaluation of the addition of nano-structured clinker

treated by hydrogen peroxide

4.2.4 Comparative analysis of the results of mechanical strength tests

The addition of CNTs and CNFs grown on all three types of materials (clinker, blast
furnace slag and silica fume) to cement mortars had some positive effect on both compressive
and tensile strengths. The amount of nanotubes that provide efficient reinforcement was
between 0.1 and 0.3 % with respect to binder content. The result of the comparison of tensile
strength of mortars produced with different surfactants as dispersing agents for the CNTs and
CNFs showed that the lignosulfonate and polysaccharide based first generation plasticizer
admixture had the best effect. However, the high dosage necessary in order to achieve a good
dispersion may have negative effects on the hydration of cement. Setting and the evolution of

strength were retarded as an effect of this admixture.
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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

Maximum percentage gain achieved with
Type of nano-structured material 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

Maximum percentage gain achieved with respect
Covalent functionalization method to reference at 28 days
Tensile strength Compressive strength
Ammonia treatment (CL-NH-LP-N30) - 14.3 %
Hydrogen peroxide treatment (CL-POX-LP-N30) 112% 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

Results
Author CNT content ) Compressive
Tensile strength
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 CNTSs.

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

Results
Author CNT content ] Compressive
Tensile strength
strength
Li etal., 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
** _ gplitting 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 x 5 x 20 mm®. 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 (GALLE, 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

CNT/CNF content™ )
Sample name WI/C ratio
[%0]
CPIII-CL-LS! 0 0.43
CPI11-CL-LS-N30 0.3 0.43
CP-111-CL-POX-LS-N30"° 0.3 0.43
CPV-CL-LS? 0 0.43
CPV-CL-LS-N30%® 0.3 0.43
CPIII-SF-LS* 0 0.40
CPI11-SF-LS-N30** 0.3 0.40
CPIII-CL-NH-LP* 0 0.375
CPI11-CL-NH-LP-N10%® 0.1 0.375
CPI11-CL-NH-LP-N30%® 0.3 0.375
* — with respect to binder content
1 _ CP-Ill cement
2 _ CP-V cement
3 _ with nano-structured clinker
4 _with nano-structured silica fume
:— with H,0, treated nano-structured clinker

— 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

o - Single point ]
Multipoint specific o Average pore Density
Sample name ) specific surface ) 2
surface area [m/g] ) diameter [nm] [g/cm?]
area [m“/g]
CPII-CL-LS 1.56 1.60 15.8 2.63
CPII1-CL-LS-N30 2.21 2.21 12.7 2.68
CP-I11-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
CPII1-SF-LS-N30 2.76 2.74 141 2.61
CPIII-CL-NH-LP 1.81 1.82 15.4 2.66
CPIII-CL-NH-LP-N10 2.30 2.30 115 2.68
CPIII-CL-NH-LP-N30 2.12 2.15 135 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.
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Table 4.13 — Comparison of the pore structure analysis results of mortars made with Brazilian CP-111 and CP-V

type cements and with nano-structured clinker or silica fume

Reference Multipoint
Sample . Average pore ]
) o sample specific surface ) Density
identification ) o diameter
identification area

CPII-CL-LS-N30 CPII-CL-LS +41.7 % -19.6 % +1.9%
CPV-CL-LS-N30 CPV-CL-LS +12.6 % -8.6 % -0.7%
CPI11-SF-LS-N30 CPII-SF-LS +23.8 % -20.3% +2.4 %

The average pore diameter of the CP-IIl 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-111 mortar by 20.3 %.

The density of Brazilian CP-1ll 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®. The mortars prepared with CP-V cement did not
show similar behavior. The measured density of plain cement mortar was 2.67 glcm®,
meanwhile that of the sample containing nano-structured clinker was 2.65 g/cm?®. The addition
of nano-structured silica fume increased the density of the mortar from 2.55 to 2.61 g/cm®. Al
investigated parameters presented higher alterations when using CP-I1l 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-111 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-Il1 type cement mortar by 45
%. This effect of H,O, 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-111 type

cement and with ammonia or H,O, treated nano-structured clinker

Multipoint
) L Reference sample . Average pore .
Sample identification ) o specific surface ] Density
identification diameter
area
CPIlI-CL-POX-LS-N30 | CPIII-CL-POX-LS +45.5 % -9.5% +3.0 %
CPII-CL-NH-LP-N10 CPII-CL-NH-LP +27.1 % -25.3% +0.8 %
CPII-CL-NH-LP-N30 CPII-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® 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-11l type cement mortar from 2.63 to 2.71
glcm® (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 °C 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-1I1 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 H,O, 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 CNTSs, 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 CNTsS/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 CNTSs.
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:

e 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.

e 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? 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 CNTSs, the
positions of D and G bands are at approximately 1350 and 1582 cm™ respectively. G’ band is
present at 2700 cm™ (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 HCI

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 CNTSs were placed in an oven at 430 °C for 30 minutes and then suspended
in HCI 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.
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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 Ip/lg
relation of 1.03 (Figure 7.3). The G’ peak is also clearly visible. The nanotubes grown with
ammonia had a reduced Ip/lg 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.
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Figure 7.3 — Raman spectra of purified CNTs grown on MgO-FeO catalyst without ammonia. Intensity is

represented with arbitrary units

Intensity (a. u.)

1000 <2000 100x 4000

Wave number (cm )

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.
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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
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Figure 7.6 — TGA and DTG curves of purified CNTs grown on MgO-FeOQ 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
CNTSs/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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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:

. ni
sinf =, (A1)
where 4 is the angle of the incident radiation, n is an integer, 4 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 pm cause the broadening of the peaks described by the following

equation of Scherrer:
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0,914
B = t cos@’ (A'Z)

where B is the broadening of the peak in radians, 4 is the wavelength of the characteristic X-
ray radiation, t is the particle diameter and 6 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 pm.
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:

B? = B4 — B2, (A.3)

where By 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 x 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:

091
" BcosOg’

(A.4)

where /4 is the characteristic wavelength of the X-ray tube, Gz is the position of the peak and B

is given by:
B =B B, A5

where By 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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Detailed diffractograms of the raw materials for Fe crystallite size
determination by Scherrer method
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ANNEX B - Detailed mechanical strength test results

Optimal nanotube/cement ratio

7 days flexural 28 days flexural
Identification strength [MPa] strength [MPa]
5.22 7.35
5.14 6.56
5.65 6.97
CL-NP 5.87 6.57
5.24 7.44
457 7.54
6.07 7.34
6.19 6.89
6.84 6.83
CL-NP-NO5 £ 29 792
6.63
6.76
4.95 5.56
4.96 5.22
473 5.27
CL-NP-N25 432 519
462 5.11
437 485
4.40 6.47
4.43 5.94
434 5.14
CL-NP-N50 413 6.05
431 5.80
4.90 5.20
476 5.53
5.00 5.55
5.06 5.60
CL-NP-N100 439 5.99
4.14 5.03
453 5.24
4.23 6.93
4.40 5.86
481 6.63
CL-NP-N125 455 570
5.57 5.86
4.99 5.47
3.78 3.35
3.40 3.50
CL-NP-N245 174 423
3.63

Legends:
CL-NP
CL-NP-NO5 Mortar
grown CNTS/CNFs
CL-NP-N10 Mortar
grown CNTS/CNFs
CL-NP-N25 Mortar
grown CNTS/CNFs
CL-NP-N50 Mortar
grown CNTs/CNFs
CL-NP-N100  Mortar
grown CNTs/CNFs
CL-NP-N125  Mortar
grown CNTs/CNFs
CL-NP-N245  Mortar

grown CNTS/CNFs

with polynaphtalene and polycarboxylate
with polynaphtalene
with polynaphtalene
with polynaphtalene
with polynaphtalene

with polynaphtalene

and polycarboxylate
and polycarboxylate
and polycarboxylate
and polycarboxylate

and polycarboxylate

admixtures containing
admixtures containing
admixtures containing
admixtures containing
admixtures containing
admixtures containing

admixtures containing

Reference mortar prepared with polynaphtalene and polycarboxylate admixtures
with polynaphtalene and polycarboxylate

0.05

0.10

0.25

0.50

1.00

1.25

2.45

%

%

%

%

%

%

%

clinker
clinker
clinker
clinker
clinker
clinker

clinker
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Chemical admixture comparison

R 7 days flexural 28 days flexural 28 dayg
Identification strength [MPa] strength [MPa] compressive
g g strength [MPa]
6.84 7.85 412
6.39 7.89 33.0
7.14 7.32 34.7
CL-NP 7.76 8.63 40.7
6.96 7.76
7.61 8.51
7.09
6.94 6.99 53.7
6.05 7.28 53.2
5.9 7.01 54.9
CL-NP-N30 7.78 7.21 52.3
7.32 7.31
6.41 7.04
7.12
4.96 5.21 26.1
4.84 5.15 27.4
CL-LS 454 6.83 34.2
4.46 5.86 26.9
7.01
4.10 7.07 56.0
6.11 6.59 54.6
6.15 6.85 55.0
CL-LS-N30 6.38 6.97 51.7
5.82 7.10
6.50 6.57
2.80 4.19 28.9
CL-PL 3.51 32.1
4.08 7.85 60.7
3.42 8.25 59.8
2.8 7.24 53.5
3.51 7.60 50.2
CL-PL-N30 286 756
3.54 7.39
8.89
8.78
6.92 7.86 51.7
8.27 8.29 58.3
8.17 7.44
7.22 8.40
CL-SM 8.24 7.38
851 8.29
7.67
7.61
8.26 8.41 315
7.91 8.63 28.0
8.88 7.39 41.7
CL-SM-N30 8.30 7.38 42.8
7.21 8.28
8.54 7.98
7.75

Legends:
CL-NP
CL-NP-N30

CL-LS
CL-LS-N30
CL-PL
CL-PL-N30

CL-SM
CL-SM-N30

Reference mortar prepared with polynaphtalene and polycarboxylate admixtures

Mortar with polynaphtalene and polycarboxylate admixtures containing 0.3 % clinker grown
CNTs/CNFs

Reference mortar prepared with lignosulfonate based admixture

Mortar with lignosulfonate based admixture containing 0.3 % clinker grown CNTs/CNFs
Reference mortar prepared with lignosulfonate and polysaccharide based admixture

Mortar with lignosulfonate and polysaccharide based admixture containing 0.3 % clinker
grown CNTS/CNFs

Reference mortar prepared with sulphonated melamine based admixture

Mortar with sulphonated melamine based admixture containing 0.3 % clinker grown
CNTSs/CNFs
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Effect of batching procedure

Legends:
CL-LS05
CL-LS05-DM-N10

CL-LS05-WM-N10

Identification

7 days
compressive
strength [MPa]

28 days
compressive
strength [MPa]

401 488
CL-LS05 41.0 49.5
41.0 481

43.0 51.0

CL-LS05-DM- 420 £0.2
N10 425 50.7

124 489

CL-LS05-WM- ALE 8.7
N10 42.0 481

Reference mortar prepared with lignosulfonate based admixture

Mortar with lignosulfonate based admixture containing 0.1 % clinker grown
CNTs/CNFs dry mixed with cement
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

e 7 days flexural 28 days flexural
|dentification strength [MPa] strength [MPa]

4.02 3.77

CL-NH-LP 4.10 311

3.82 3.74

3.73 2.46

CL-NH-LP-N10 o 28

2.21 2.09

3.86 2.65

CL-NH-LP-N30 B oo

4.87 3.74

7 days 28 days
Identification compressive compressive

strength [MPa] strength [MPa]

37.08 37.87

CL-NH-LP 29.44 35.43

28.18 26.78

45.42 39.98

cLnHLPND | ne

38.06
35.99 4371
CL-NH-LP-NO | oo, 2201
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 28 days flexural
strength [MPa] strength [MPa]

5.92 8.48

6.16 9.48

SF-PVP 6.15 9.71

6.36 9.53

10.63

5.80 8.87

5.90 8.64

SF-PVP-N30 5.74 8.34

5.93 8.09

8.58

5.29 7.28

4.84 7.56

SF-LS 5.34 7.14

4.63 8.01

7.62

4.97 7.91

5.01 8.66

SF-LS-N30 4.73 8.54

4.84 8.02

8.03

. 28 days
e 7 days compressive .
Identification strength [MPal] compressive

g strength [MPa]

40.0 40.2

42.8 36.4

SF-PVP 38.1 39.9

326 40.4

48.1

39.3 48.8

36.1 48.1

SF-PVP-N30 39.7 47.5

39.6 49.2

42.5

29.4 37.6

35.6 45.7

SF-LS 30.9 38.6

29.0 43.3

44.8

35.6 59.6

41.1 55.9

SF-LS-N30 322 611

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
CNTSs/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]

6.62 7.78

6.73 7.73

CL-POX-LS 720 760
6.56 7.16

7.44 8.66

8.47 8.84

CL-POX-LS-N30 233 776
7.99 8.50

10 days 28 days

Identification

compressive
strength [MPa]

compressive
strength [MPa]

28.6 31.4

27.4 36.2

CL-POX-LS 23.7 35.7
31.7 35.0

39.0 47.9

25.4 36.0

CL-POX-LS-N30 27.6 438
353 46.6

Legends:
CL-POX-LS
CL-POX-LS-N30

Reference mortar prepared with lignosulfonate based admixture

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 N, gas is injected in
the recipient. The area occupied by an adsorbed nitrogen molecule is known (16.2 A? that is
0.162 nm?). 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/Py where P is the equilibrium pressure, Py 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.

s\

Amount adsorbed m, (mmol g ')

Relative pressure of adsorbate (")
Figure 8.1- Classification of isotherms (I-V1) according to pore size and distribution, with the monolayer

saturation point (B). Il and 1V follow BET model. Vertical axis represents gas volume and horizontal axis P/Pg
ratio. Source: Sing et al.(1985)
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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 x 5 x 20 mm?®. 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

CNT/CNF content* )
Sample name WI/C ratio
[%0]

CPII-CL-LS! 0 0.43
CPII-CL-LS-N30"® 0.3 0.43
CP-I11-CL-POX-LS-N30*° 0.3 0.43
CPV-CL-LS? 0 0.43
CPV-CL-LS-N30** 0.3 0.43
CPIII-SF-LS! 0 0.40
CPII-SF-LS-N30™* 0.3 0.40
CPII-CL-NH-LP* 0 0.375
CPII-CL-NH-LP-N10"® 0.1 0.375
CPII-CL-NH-LP-N30"® 0.3 0.375

— CP-111 cement

*
1
2 _ CP-V cement
3
4
5
6

— with respect to binder content

— with nano-structured clinker

—with nano-structured silica fume

— with H,0, treated nano-structured clinker
— with ammonia treated nano-structured clinker
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C.3—BET results

Sample CPI11-CL-LS

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n262202.dat

Instrument = NOVA-2200 Ver. 6.11

User ID = SERGIO User Setup =66

Comments = 3R PETER CIVIL UFMG

Sample ID = 2073 Sample Cell Number =31

Sample Weight =1.1844 g Sample Volume =0.4781 cc
Sample Density =0.0000 g/cc

Po Type = Calculate Po =706.30 mm Hg
Adsorbate = Nitrogen Bath Temperature = 77.40 deg K
Adsorption Tolerance =0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
Adsorption Equil Time = 60 sec Desorption Equil Time = 60 sec
Adsorption Dwell Time = 240 sec Desorption Dwell Time = 240 sec
Analysis Start Time = F1i Jun 22 15:50:30 2012 Elapsed Time =237.10 Minutes.

Multi Point BET (Adsorption)

P/Po BET Transform
[1/{W[Po/P - 1]}]
0.049824 83.958995
0.101903 183.521390
0.153086 292.366692
0.203366 405.605038
0.252453 526.816145
0.302239 656.865002
Slope = 2270.584342
Intercept = -44.034268
Correlation Coefficient = 0.998416
BETC = -50.564031
Total Surface Areain Cell = 1.8525 o
Specific Surface Area = 1.5641 m¥g
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Instrument
User ID
Comuments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n262202.dat

NOVA-2200 Ver. 6.11
SERGIO
3R PETER CIVIL UFMG

2073
=1.1844 ¢
=0.0000 g/cc

= Calculate

= Nitrogen
=0.0500 mm Hg
=60 sec

=240 sec

= Fri Jun 22 15:50:30 2012

User Setup

Sample Cell Number
Sample Volume

Po

Bath Temperature
Desorption Tolerance
Desorption Equil Time

Desorption Dwell Time

Elapsed Time

Single Point BET (Adsorption)

=706.30 mm Hg
= 77.40 degK

=0.0500 mm Hg
=60 sec
=240 sec

=237.10 Minutes.

Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

P/Po Specific Surface Area
[m*/g]
0.302239 1.602388

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name =n262202.dat

= NOVA-2200 Ver. 6.11
= SERGIO
= 3R PETER CIVIL UFMG

= 2073
=1.1844 ¢
=0.0000 g/cc

= Calculate

= Nitrogen
=0.0500 mm Hg
=60 sec

=240 sec

= Fri Jun 22 15:50:30 2012

User Setup

Sample Cell Number
Sample Volume

Po

Bath Temperature
Desorption Tolerance
Desorption Equil Time

Desorption Dwell Time

Elapsed Time

BJH dV/d[logD] (Desorption)

1
=0.4781 cc

Il
9%}

=706.30 mm Hg
= 77.40 deg K

=0.0500 mm Hg
=60 sec
=240 sec

=237.10 Minutes.

Pore Diameter Pore Area Pore Volume

[A] [m¥/g] [cc/g] x 10e-3
806.627060 0.177926 3.587991
150.115039 0.979598 3.676309
86.469500 1.052015 2.274181
61.220585 1.275753 1.952558
46.332969 2.553382 2.957644
37.115088 21.238832 19.707028

Total Pore Volume is 0.00619 cc/g for _
all pores of diameter smaller than 1414.811 A.

Average pore diameter is 158.219 A.
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Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n262202.dat

Instrument = NOVA-2200 Ver. 6.11

User ID = SERGIO User Setup =066

Comments = 3R PETER CIVIL UFMG

Sample ID = 2073 Sample Cell Number =31

Sample Weight =1.1844 g Sample Volume =0.4781 cc
Sample Density =0.0000 g/cc

Po Type = Calculate Po =706.30 mm Hg
Adsorbate = Nitrogen Bath Temperature = 77.40degK
Adsorption Tolerance =0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
Adsorption Equil Time = 60 sec Desorption Equil Time = 60 sec
Adsorption Dwell Time =240 sec Desorption Dwell Time =240 sec
Analysis Start Time = F1i Jun 22 15:50:30 2012 Elapsed Time =237.10 Minutes.

BJH dV/d[logD] (Desorption)

19.750 —wr
17.775
15.800
13.825
@ 11.850
=
<
0
3 -
= 9.875
£
=
c
-
j)
s 7.900
5925
3.950
1975 o=
0.000

0.000 80.665 161.33 241.995  322.660 403.325 483.990 564.655 645320 725985 806.650
Pore Diameter [A]
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation

NOVA Enhanced Data Reduction Software Ver. 2.13

File Name = n262202.dat

NOVA-2200 Ver. 6.11

SERGIO User Setup
3R PETER CIVIL UFMG
2073 Sample Cell Number
1.1844 ¢ Sample Volume
=0.0000 g/cc
= Calculate Po
Nitrogen Bath Temperature

=0.0500 mm Hg
=60 sec
=240 sec

=FriJun 22 15:50:30 2012

Desorption Tolerance
Desorption Equil Time
Desorption Dwell Time

Elapsed Time

Isotherm (Adsorption/Desorption)

=066

=31

=0.4781 cc

=706.30 mm Hg
= 7740 degK

=0.0500 mm Hg
=60 sec
=240 sec

=237.10 Minutes.

P/Po Volume Adsorbed @STP
[ec/g]
0.049824 0.499711
0.101903 0.494688
0.153086 0.494679
0.203366 0.503581
0.252453 0.512904
0.302239 0.527620
0.402008 0.574836
0.500903 0.636141
0.597384 0.717478
0.695330 1.001097
0.797992 1.139299
0.896265 1.478058
0.986092 4.005253
0.895528 2.145774
0.792342 1.598738
0.702089 1.419433
0.590654 1.281524
0.501351 1.165714
0.393083 0.563833
0.301867 0.509789
0.203510 0.480572
0.103893 0.476854
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Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n262202.dat

Instrument = NOVA-2200 Ver. 6.11

User ID = SERGIO User Setup =606

Comments = 3R PETER CIVIL UFMG

Sample ID = 2073 Sample Cell Number =31

Sample Weight =1.1844 ¢ Sample Volume =0.4781 cc
Sample Density =0.0000 g/cc

Po Type = Calculate Po =706.30 mm Hg
Adsorbate = Nitrogen Bath Temperature = 7740 degK
Adsorption Tolerance =0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
Adsorption Equil Time = 60 sec Desorption Equil Time = 60 sec
Adsorption Dwell Time = 240 sec Desorption Dwell Time =240 sec
Analysis Start Time = Fri Jun 22 15:50:30 2012 Elapsed Time =237.10 Minutes.

Isotherm (Adsorption/Desorption)

4.050 ?j

3.645

3.240

2.835 |
\E ‘."‘I .:
) 2430 ]
(=T I‘I I:
= I‘;
S i
£ 2.025 |
z /
=l
| /
o /
£ |
C 1.620 /u
> // P

= y:
715 EI ////
1.215 | |
/
/
/
/
0.810 |
S
/ e
S — =
0.405
0.000
0.000 0.100 0.200 0.300 0.400 0.500 0,600 . - - !
P/Po

Red: adsorption
Blue desorption
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Sample CPI11-CL-LS-N30

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n261501.dat

Instrument = NOVA-2200 Ver. 6.11

User ID = SERGIO User Setup =066

Comments = 3N PETER CIVIL UFMG

Sample ID = 2064 Sample Cell Number =30

Sample Weight =1.2500¢g Sample Volume =0.4595 cc
Sample Density =0.0000 g/cc

Po Type = Calculate Po =710.48 mm Hg
Adsorbate = Nitrogen Bath Temperature = 77.40degK
Adsorption Tolerance =0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
Adsorption Equil Time = 60 sec Desorption Equil Time = 60 sec
Adsorption Dwell Time = 240 sec Desorption Dwell Time = 240 sec
Analysis Start Time = F1i Jun 15 08:03:36 2012 Elapsed Time = 237.73 Minutes.

Multi Point BET (Adsorption)

P/Po BET Transform
[1/{W[Po/P - 11}]

0.049440 76.143597
0.100624 157.095363
0.151181 238.920250
0.200832 316.494431
0.249781 392527845
0.299205 470.511526

Slope = 1578.414008

Intercept = -1.219530
Correlation Coefficient = 0.999981
BETC = -1293.280515

2.7601 m?
2.2080 m/g

Total Surface Area in Cell
Specific Surface Area
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name =n261501.dat

= NOVA-2200 Ver. 6.11

= SERGIO User Setup =66

= 3N PETER CIVIL UFMG

= 2064 Sample Cell Number =30

=1.2500g Sample Volume =0.4595 cc
=0.0000 g/ec

= Calculate Po =710.48 mm Hg
= Nifrogen Bath Temperature = 7740 deg K
=0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
=060 sec Desorption Equil Time = 60 sec

=240 sec Desorption Dwell Time =240 sec

= Fri Jun 15 08:03:36 2012

Elapsed Time

Single Point BET (Adsorption)

= 237.73 Minutes.

Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

P/Po Specific Surface Area
[m/g]
0.299205 2.214582

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n261501.dat

NOVA-2200 Ver. 6.11

= SERGIO User Setup

= 3N PETER CIVIL UFMG

= 2064 Sample Cell Number
=1.2500¢g Sample Volume
=0.0000 g/cc

= Calculate Po

= Nitrogen Bath Temperature
=0.0500 mm Hg Desorption Tolerance
=60 sec Desorption Equil Time
=240 sec Desorption Dwell Time

= Fri Jun 15 08:03:36 2012

Elapsed Time

BJH dV/d[logD] (Desorption)

=710.48 mm Hg
= 77.40 deg K

=0.0500 mm Hg
=60 sec
=240 sec

= 237.73 Minutes.

Pore Diameter Pore Area Pore Volume

[A] [m¥/g] [cc/g] x 10e-3
816.695574 0.176390 3.601417
150.589628 1.271538 4.787012
86.938853 1.599089 3.475573
62.297711 2.070680 3.224966
46.850792 3.844860 4.503369
36.683532 20.847687 19.119169
30.068140 2.101111 1.579413
24.906483 0.508879 0.316860

Total Pore Volume is 0.00703 cc/g for

all pores of diameter smaller than 1434.594 A.

Average pore diameter is 127.296 A.
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

19.150

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name =n261501.dat

= NOVA-2200 Ver. 6.11

SERGIO

= 2064
=12500¢g
=0.0000 g/cc

= Calculate
= Nitrogen

=0.0500 mm Hg
=60 sec
=240 sec

3N PETER CIVIL UFMG

=Fri Jun 15 08:03:36 2012

User Setup 66

Sample Cell Number =30

Sample Volume =0.4595 cc

Po =710.48 mm Hg
Bath Temperature = 77.40degK

Desorption Tolerance =0.0500 mm Hg
Desorption Equil Time = 60 sec
Desorption Dwell Time = 240 sec

Elapsed Time =237.73 Minutes.

BJH dV/d[logD] (Desorption)

13.405

11.490

Pore Volume [ce/g] x 10e-3

7.660

5.745

1915

0.000

0.000

81.670  163.340

245.010

326.680 408.350 490.020 571.690 653.360
Pore Diameter [A]

7

-
2

5.

0

-
2

0

816.700
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation

NOVA Enhanced Data Reduction Software Ver. 2.13

File Name = n261501.dat

NOVA-2200 Ver. 6.11

SERGIO User Setup

3N PETER CIVIL UFMG

2064 Sample Cell Number
=1.2500 g Sample Volume
=0.0000 g/cc
= Calculate Po

Nitrogen Bath Temperature
=0.0500 mm Hg Desorption Tolerance
=60 sec Desorption Equil Time
=240 sec Desorption Dwell Time

=Fri Jun 15 08:03:36 2012

Elapsed Time

Isotherm (Adsorption/Desorption)

=710.48 mm Hg
= 77.40 degK

=0.0500 mm Hg
=60 sec
=240 sec

=237.73 Minutes.

P/Po Volume Adsorbed @STP
[ec/e]
0.049440 0.546333
0.100624 0.569834
0.151181 0.596461
0.200832 0.635304
0.249781 0.678662
0.299205 0.726041
0.398100 0.843593
0.497485 0.974683
0.595292 1.135023
0.702734 1.327246
0.799454 1.539006
0.897118 1.999409
0.986287 4.549182
0.895721 2.669826
0.793572 1.969489
0.703512 1.705398
0.603885 1.510260
0.492910 1.294306
0.391765 0.742283
0.302158 0.635748
0.204977 0.546784
0.088377 0.482507
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Instrument
User ID
Comuments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n261501 dat

NOVA-2200 Ver. 6.11
SERGIO
3N PETER CIVIL UFMG

2064

=12500¢g
=0.0000 g/cc

= Calculate

Nitrogen

=0.0500 mm Hg

User Setup =066

Sample Cell Number =30

Sample Volume =0.4595 cc

Po =710.48 mm Hg

Bath Temperature = 77.40degK

Desorption Tolerance =0.0500 mm Hg

Adsorption Equil Time = 60 sec Desorption Equil Time = 60 sec
Adsorption Dwell Time = 240 sec Desorption Dwell Time = 240 sec
Amnalysis Start Time = F1i Jun 15 08:03:36 2012 Elapsed Time = 237.73 Minutes.
Isotherm (Adsorption/Desorption)
4.550
I
4.095
3.640
3185 |
e | |
8 2.730 —
o F I
E an
-] /
2 2275 y
S /
g //
< /
- P s
£ - /
= 1.820 — >
> =g
b P 7
1.365 - =
I
/ ke
s
g
0.910 e
0.455
0.000
0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900
P/Po

Red: adsorption

Blue desorption

1.000
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Sample CPV-CL-LS

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n262502.dat

Instrument = NOVA-2200 Ver. 6.11

User ID = SERGIO User Setup =66

Comuments = SRPETER CIVIL UFMG

Sample ID = 2074 Sample Cell Number =31

Sample Weight =13781g Sample Volume =0.5541 cc
Sample Density =0.0000 g/cc

Po Type = Calculate Po =710.85 mm Hg
Adsorbate = Nitrogen Bath Temperature = 7740 deg K
Adsorption Tolerance =0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
Adsorption Equil Time =60 sec Desorption Equil Time = 60 sec
Adsorption Dwell Time = 240 sec Desorption Dwell Time = 240 sec
Analysis Start Time =Mon Jun 25 10:06:46 2012 Elapsed Time = 269.95 Minutes.

Multi Point BET (Adsorption)

P/Po BET Transform
[1/{W[Po/P - 1]}]
0.046833 85.595968
0.099764 188.408058
0.151842 299.413263
0.202621 411.118213
0.252284 528.738942
0.301978 653.102621
Slope = 2224.089364
Intercept = -30.125603
Correlation Coefficient = 0.999024
BETC = -72.827215
Total Surface Area in Cell 2.1875 n?

Specific Surface Area 1.5873 m¥g
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation

NOVA Enhanced Data Reduction Software Ver. 2.13

File Name =n262502.dat

= NOVA-2200 Ver. 6.11

= SERGIO User Setup =066

= SRPETER CIVIL UFMG

= 2074 Sample Cell Number =31

=13781¢g Sample Volume =0.5541 cc
=0.0000 g/ce

= Calculate Po =710.85 mm Hg
= Nifrogen Bath Temperature = 7740 degK
=0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
=60 sec Desorption Equil Time = 60 sec

=240 sec Desorption Dwell Time = 240 sec
=Mon Jun 25 10:06:46 2012 Elapsed Time =269.95 Minutes.

Single Point BET (Adsorption)

Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

P/Po Specific Surface Area
[m/g]
0.301978 1.610227

Quantachrome Corporation

NOVA Enhanced Data Reduction Software Ver. 2.13

File Name = n262502.dat

= NOVA-2200 Ver. 6.11

= SERGIO User Setup =066

= SRPETER CIVIL UFMG

= 2074 Sample Cell Number =31

=13781¢g Sample Volume =0.5541 cc
=0.0000 g/cc

= Calculate Po =710.85 mm Hg
= Nitrogen Bath Temperature = 77.40degK
=0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
=60 sec Desorption Equil Time =60 sec

=240 sec Desorption Dwell Time = 240 sec

= Mon Jun 25 10:06:46 2012

Elapsed Time

BIH dV/d[logD] (Desorption)

= 269.95 Minutes.

Pore Diameter Pore Area Pore Volume

[A] [m¥/g] [cc/g] x 10e-3
873.630618 0.152536 3.331500
152.353706 1.013285 3.859443
86.563061 1.086838 2.352000
62.384930 1.228532 1.916047
47.460946 2218711 2.632554
37.076780 8.540168 7.916048

Total Pore Volume is 0.00556 cc/g for _
all pores of diameter smaller than 1544.121 A.

Average pore diameter is 140.196 A.
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

7.950 _LI_[

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name =n262502.dat

NOVA-2200 Ver. 6.11

= SERGIO User Setup =066

= SR PETER CIVIL UFMG

= 2074 Sample Cell Number =31

=13781g Sample Volume =0.5541 cc
=0.0000 g/ce

= Calculate Po =710.85 mm Hg
= Nitrogen Bath Temperature = 7740 deg K
=0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
=60 sec Desorption Equil Time = 60 sec

=240 sec Desorption Dwell Time =240 sec
=Mon Jun 25 10:06:46 2012 Elapsed Time = 269.95 Minutes.

BJH dV/d[logD] (Desorption)

4.770

Pore Volume [cc/g] x 10e-3
:\‘;
~1
n

3.180

0.795

0.000

0.000

87.365 174730 262.095 349460 436.825 524190 611.555 698920 786.285
Pore Diameter [A]

873.650
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation

NOVA Enhanced Data Reduction Software Ver. 2.13

File Name =n262502.dat

NOVA-2200 Ver. 6.11

SERGIO User Setup
SR PETER CIVIL UFMG
2074 Sample Cell Number
1.3781¢g Sample Volume
0.0000 gfce

= Calculate Po
Nitrogen Bath Temperature

=0.0500 mm Hg
=60 sec
=240 sec

= Mon Jun 25 10:06:46 2012

Desorption Tolerance
Desorption Equil Time
Desorption Dwell Time

Elapsed Time

Isotherm (Adsorption/Desorption)

=066

=31

=0.5541 cc
=710.85 mm Hg
= 77.40 deg K
=0.0500 mm Hg
=060 sec

=240 sec

= 269.95 Minutes.

P/Po Volume Adsorbed @STP
[cc/g]
0.046833 0.459287
0.099764 0.470620
0.151842 0.478405
0.202621 0.494547
0.252284 0.510583
0.301978 0.530003
0.400926 0.577655
0.500199 0.641135
0.597322 0.732096
0.695199 0.861668
0.804343 1.033564
0.896130 1.360159
0.987276 3.601726
0.898024 1.810928
0.791884 1.216302
0.703772 1.035908
0.604672 0.912210
0.504916 0.790855
0.386905 0.504537
0.300317 0.463628
0.202636 0.432318
0.103348 0.421252
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n262502.dat

NOVA-2200 Ver. 6.11
SERGIO
SR PETER CIVIL UFMG

2074
=13781¢
=0.0000 g/cc

= Calculate

= Nitrogen
=0.0500 mm Hg
=60 sec

=240 sec

= Mon Jun 25 10:06:46 2012

User Setup =066

Sample Cell Number =31

Sample Volume =0.5541 cc

Po =710.85 mm Hg
Bath Temperature = 7740 degK

Desorption Tolerance
Desorption Equil Time
Desorption Dwell Time

=0.0500 mm Hg
=60 sec
=240 sec

Elapsed Tine =269.95 Minutes.

Isotherm (Adsorption/Desorption)

3.650 [[_j

3.285

2.920

2.555
=0 .“"I
E] 2.190 —
a I
= [
2 ]
® / |
-’3 1.825 _" /
E LR 17
s /'/k "
7{3 ’/, |
o /
£ /
= 1.460 .
S / A

/ ya
A /
1.095 e
— =l J

0.730 i f

0.365

0.000

0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900
P/Po

Red: adsorption

Blue desorption

1.000
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Sample CPV CL-LS-N30

Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name =n262201.dat

= NOVA-2200 Ver. 6.11
SERGIO
SN PETER CIVIL UFMG

2072
1.3661 g
0.0000 g/ce

= Calculate

= Nitrogen
=0.0500 mm Hg
=60 sec

=240 sec

=Fri Jun 22 15:50:30 2012

User Setup =66

Sample Cell Number =30

Sample Volume =0.5249 cc

Po =706.30 mm Hg

Bath Temperature = 7740 deg K
Desorption Tolerance =0.0500 mm Hg
Desorption Equil Time = 60 sec
Desorption Dwell Time = 240 sec

Elapsed Time =1233.82 Minutes.

Multi Point BET (Adsorption)

P/Po BET Transform
[1/{W[Po/P - 11}]
0.050052 88.074669
0.101713 186.106546
0.152524 286.895783
0.202135 382.931587
0.250683 477.611134
0.300112 578.409015
Slope = 1958.980893
Intercept = -11.840885
Correlation Coefficient = 0.999956
BETC = -164.442094

Total Surface Area in Cell
Specific Surface Area

24433 nr
1.7885 m¥/g
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Instrument
User ID
Comuments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n262201.dat

NOVA-2200 Ver. 6.11
SERGIO
SN PETER CIVIL UFMG

2072
=1.3661¢g
=0.0000 g/ce

= Calculate

= Nifrogen
=0.0500 mm Hg
=60 sec

=240 sec

=Fri Jun 22 15:50:30 2012

User Setup

Sample Cell Number
Sample Volume

Po

Bath Temperature
Desorption Tolerance
Desorption Equil Time

Desorption Dwell Time

Elapsed Time

Single Point BET (Adsorption)

=706.30 mm Hg
= 7740 degK

=0.0500 mm Hg
=60 sec
=240 sec

=233.82 Minutes.

Instrument
User ID
Comuments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

P/Po Specific Surface Area
[m?/g]
0.300112 1.806931

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name =n262201.dat

= NOVA-2200 Ver. 6.11
SERGIO
SN PETER CIVIL UFMG

2072
=1.3661¢g
=0.0000 g/cc

= Calculate

= Nitrogen
=0.0500 mm Hg
=60 sec

=240 sec

= Fri Jun 22 15:50:30 2012

User Setup

Sample Cell Number
Sample Volume

Po

Bath Temperature
Desorption Tolerance
Desorption Equil Time

Desorption Dwell Time

Elapsed Time

BJH dV/d[logD] (Desorption)

=706.30 mm Hg
= 7740 deg K

=0.0500 mm Hg
=60 sec
=240 sec

= 233.82 Minutes.

Pore Diameter Pore Area Pore Volume

[A] [m¥g] [cc/g] x 10e-3
869.853614 0.127630 2.775478
159.129721 1.032483 4.107467
86.879559 1.180543 2.564126
61453375 1.963690 3.016884
46.535504 4.505856 5.242057
37.109433 10.860937 10.076080
29.952850 1.961614 1.468898
24.882566 0.951736 0.592041

Total Pore Volume is 0.00571 cc/g for 7
all pores of diameter smaller than 1523.723 A.

Average pore diameter is 127.680 A
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Instrument
User ID
Comuments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

10.100

9.090

= Calculate
= Nitrogen

=0.0500 mm Hg

=60 sec
=240 sec

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13

NOVA-2200 Ver. 6.11
SERGIO
SN PETER CIVIL UFMG

= Fri Jun 22 15:50:30 2012

File Name = n262201 dat

User Setup

Sample Cell Number
Sample Volume

Po

Bath Temperature
Desorption Tolerance
Desorption Equil Time

Desorption Dwell Time

Elapsed Time

BJH dV/d[logD] (Desorption)

0
=0.5249 cc

Il
[

=706.30 mm Hg
= 77.40degK

=0.0500 mm Hg
=60 sec
=240 sec

= 233.82 Minutes.

8.080 ‘

7.070 '

6.060 !

5.050

Pore Volume [cc/g] x 10e-3

4.040

1.010 T

0.000

0.000

86.990

173.980

260.970

347960 434950
Pore Diameter [A]

521.940 608930 695.920

782910

869.900
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation

NOVA Enhanced Data Reduction Software Ver. 2.13

File Name = n262201.dat

NOVA-2200 Ver. 6.11

SERGIO User Setup

SN PETER CIVIL UFMG

2072 Sample Cell Number
=1.3661 g Sample Volume
=0.0000 g/cc
= Calculate Po

Nitrogen Bath Temperature
=0.0500 mm Hg Desorption Tolerance
=60 sec Desorption Equil Time
=240 sec Desorption Dwell Time

=Fri Jun 22 15:50:30 2012

Elapsed Time

Isotherm (Adsorption/Desorption)

=706.30 mm Hg
= 77.40 degK

=0.0500 mm Hg
=60 sec
=240 sec

=233.82 Minutes.

P/Po Volume Adsorbed @STP
[ec/e]
0.050052 0.478653
0.101713 0.486805
0.152524 0.501928
0.202135 0.529353
0.250683 0.560453
0.300112 0.593162
0.399182 0.672078
0.497174 0.762871
0.597543 0.885534
0.696393 1.043051
0.800993 1.446566
0.896470 1.789444
0.987102 3.695981
0.904286 2.261266
0.793352 1.577492
0.703464 1.378707
0.591657 1.182010
0.504253 0.997046
0.388838 0.640222
0.301502 0.558120
0.204725 0.485509
0.090268 0.431817
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NOVA Enhanced Data Reduction Software Ver. 2.13

Quantachrome Corporation

File Name =n262201.dat

Instrument = NOVA-2200 Ver. 6.11
User ID = SERGIO

Comments = 5N PETER CIVIL UFMG
Sample ID = 2072

Sample Weight =1366lg
Sample Density

=0.0000 g/ce

Po Type = Calculate
Adsorbate = Nitrogen
Adsorption Tolerance =0.0500 mm Hg

Adsorption Equil Time =60 sec
Adsorption Dwell Time = 240 sec

Analysis Start Time

=Fri Jun 22 15:50:30 2012

User Setup

Sample Cell Number
Sample Volume

Po

Bath Temperature
Desorption Tolerance
Desorption Equil Time

Desorption Dwell Time

Elapsed Time

Isotherm (Adsorption/Desorption)

=66

=30
=0.5249 cc

=706.30 mm Hg
= 7740 degK

=0.0500 mm Hg

=60 sec
=240 sec

= 233.82 Minutes.

3.700

(%)
%}
[
(=}

2.960

1.850

1.480

Volume Adsorbed @STP [cc/g]

1.110

0.740

0.370

0.000
0.000 0.100

Red: adsorption

Blue desorption

0

-

o

00

0.300

0.400 0.500 0.600

P/Po

0.700

0.800

0.900

1.000
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SampleCPI111-SF-LS

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name =n262004.dat

Instrument = NOVA-2200 Ver. 6.11

User ID = SERGIO User Setup =66

Comments = TMD PETER CIVIL UFMG

Sample ID = 2071 Sample Cell Number =31

Sample Weight =14524¢g Sample Volume =0.5893 cc
Sample Density =0.0000 g/ce

Po Type = Calculate Po =705.18 mm Hg
Adsorbate = Nitrogen Bath Temperature = 7740 deg K
Adsorption Tolerance =0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
Adsorption Equil Time =60 sec Desorption Equil Time = 60 sec
Adsorption Dwell Time = 240 sec Desorption Dwell Time = 240 sec
Analysis Start Time =Wed Jun 20 16:14:55 2012 Elapsed Time =272.50 Minutes.

Multi Pomt BET (Adsorption)

P/Po BET Transform
[1/{W[Po/P - 1]}]

0.054726 76.954673
0.103724 148.463645
0.153398 224.350914
0.202343 300.526302
0.251120 380.061233
0.299730 462.545211

Slope = 1572.535742

Intercept = -13.652031
Correlation Coefficient = 0.999649
BETC = -114.186943

3.2446 m?
2.2340 m¥/g

Total Surface Area in Cell
Specific Surface Area
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation

NOVA Enhanced Data Reduction Software Ver. 2.13

File Name = n262004.dat

NOVA-2200 Ver. 6.11
SERGIO
TMD PETER CIVIL UFMG

2071
=14524¢
=0.0000 g/cc

= Calculate

= Nitrogen
=0.0500 mm Hg
=60 sec

=240 sec

=Wed Jun 20 16:14:55 2012

User Setup

Sample Cell Number
Sample Volume

Po

Bath Temperature
Desorption Tolerance
Desorption Equil Time

Desorption Dwell Time

Elapsed Time

Single Point BET (Adsorption)

=66

=31
=0.5893 cc

=705.18 mm Hg
= 77.40 degK

=0.0500 mm Hg
=60 sec
=240 sec

= 272.50 Minutes.

Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

P/Po Specific Surface Area
[me/e]
0.299730 2.256676

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n262004.dat

= NOVA-2200 Ver. 6.11
= SERGIO
= TMD PETER CIVIL UFMG

2071
14524 g
0.0000 g/cc

= Calculate

= Nitrogen
=0.0500 mm Hg
=60 sec

=240 sec

=Wed Jun 20 16:14:55 2012

User Setup

Sample Cell Number
Sample Volume

Po

Bath Temperature
Desorption Tolerance
Desorption Equil Time

Desorption Dwell Time

Elapsed Time

BIH dV/d[logD] (Desorption)

=705.18 mm Hg
= 7740 degK

=0.0500 mm Hg
=60 sec
=240 sec

=272.50 Minutes.

Pore Diameter Pore Area Pore Volume

[A] [m¥/g] [cc/g] x 10e-3
811.035264 0.248990 5.048484
154.066258 2.090687 8.052610
85.820837 2.685226 5.761209
60.442924 3.310087 5.001784
46.132766 4.879565 5.627696
36.987597 33.363490 30.850884

Total Pore Volume is 0.00990 cc/g for
all pores of diameter smaller than 1416.405 A.

Average pore diameter is 177.263 A.
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Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n262004.dat

Instrument = NOVA-2200 Ver. 6.11

User ID = SERGIO User Setup =066

Comments = TMD PETER CIVIL UFMG

Sample ID = 2071 Sample Cell Number =31

Sample Weight =14524 ¢ Sample Volume =0.5893 ¢cc
Sample Density =0.0000 g/cc

Po Type = Calculate Po =705.18 mm Hg
Adsorbate = Nitrogen Bath Temperature = 77.40degK
Adsorption Tolerance =0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
Adsorption Equil Time =60 sec Desorption Equil Time = 60 sec
Adsorption Dwell Time = 240 sec Desorption Dwell Time = 240 sec
Amnalysis Start Time =Wed Jun 20 16:14:55 2012 Elapsed Time = 272.50 Minutes.

BJH dV/d[logD] (Desorption)

30.900 —s
27.810
24.720
21.630
o 18.540
S
F
e
51
= 15.450
£
=
c
-
©
S 12.360
9270
6.180 %/Z/B
3.090
0.000

0.000 81.105 162210 243315 324420 405.525 486.630 567.735 0648.840 729945 811.050
Pore Diameter [A]
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Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n262004.dat

Instrument = NOVA-2200 Ver. 6.11

User ID = SERGIO User Setup =66

Comments = TMD PETER CIVIL UFMG

Sample ID = 2071 Sample Cell Number =31

Sample Weight =1.4524 ¢ Sample Volume =0.5893 cc
Sample Density =0.0000 g/cc

Po Type = Calculate Po =705.18 mm Hg
Adsorbate = Nitrogen Bath Temperature = 77.40degK
Adsorption Tolerance =0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
Adsorption Equil Time =60 sec Desorption Equil Time = 60 sec
Adsorption Dwell Time = 240 sec Desorption Dwell Time = 240 sec
Amnalysis Start Time =Wed Jun 20 16:14:55 2012 Elapsed Time = 272.50 Minutes.

Isotherm (Adsorption/Desorption)

P/Po Volume Adsorbed @STP
[cc/g]
0.054726 0.601941
0.103724 0.623690
0.153398 0.646200
0.202343 0.675371
0.251120 0.705942
0.299730 0.740396
0.397733 0.826838
0.495310 0.931732
0.596180 1.070612
0.703312 1.267301
0.800882 1.544402
0.897713 2.314027
0.986108 6.409273
0.899318 3.840271
0.793746 2.603399
0.693651 2.126263
0.593807 1.828371
0.492388 1.570285
0.401453 0.770831
0.303434 0.679874
0.203910 0.620724
0.104279 0.581854
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Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n262004.dat

Instrument = NOVA-2200 Ver. 6.11
User ID = SERGIO User Setup =060
Comments = TMD PETER CIVIL UFMG
Sample ID = 2071 Sample Cell Number =31
Sample Weight =14524 ¢ Sample Volume =0.5893 cc
Sample Density =0.0000 g/cc
Po Type = Calculate Po =705.18 mm Hg
Adsorbate = Nitrogen Bath Temperature = 77.40degK
Adsorption Tolerance =0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
Adsorption Equil Time =60 sec Desorption Equil Time = 60 sec
Adsorption Dwell Time =240 sec Desorption Dwell Time =240 sec
Analysis Start Time =Wed Jun 20 16:14:55 2012 Elapsed Time =272.50 Minutes.
Isotherm (Adsorption/Desorption)
6.450
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5.160
4.515
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8 3.870 i
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/
/
AT
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0.000
0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 1.000
P/Po

Red: adsorption

Blue desorption
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SampleCPI111-SF-LS-N30

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n260801.dat

Instrument = NOVA-2200 Ver. 6.11

User ID = SERGIO User Setup =66

Comments = TMN PETER ENG CIVIL

Sample ID = 2060 Sample Cell Number =30

Sample Weight =1.6062 g Sample Volume =0.6416 cc
Sample Density =0.0000 g/cc

Po Type = Calculate Po =707.56 mm Hg
Adsorbate = Nitrogen Bath Temperature = 7740 degK
Adsorption Tolerance = 0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
Adsorption Equil Time = 60 sec Desorption Equil Time = 60 sec
Adsorption Dwell Time = 240 sec Desorption Dwell Time =240 sec
Analysis Start Time = Fr1 Jun 08 15:08:09 2012 Elapsed Time = 268.25 Minutes.

Multi Point BET (Adsorption)

P/Po BET Transform
[1/{W[Po/P - 11}]
0.052176 68.931554
0.101365 132.724986
0.150386 195.638366
0.198885 255992265
0.247392 315.788523
0.296004 376.058538
Slope = 1257.676494
Intercept = 4.890536
Correlation Coefficient = 0.999943
BETC = 258.165380

Total Surface Area in Cell
Specific Surface Area

44304 m’
27583 m'/g
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation

NOVA Enhanced Data Reduction Software Ver. 2.13

File Name = n260801.dat

= NOVA-2200 Ver. 6.11

= SERGIO User Setup

= TMN PETER ENG CIVIL

= 2060 Sample Cell Number
=1.6062¢g Sample Volume
=0.0000 g/cc

= Calculate Po

= Nitrogen Bath Temperature

=0.0500 mm Hg
=60 sec
=240 sec

Desorption Tolerance

Desorption Equil Time
Desorption Dwell Time
= Fri Jun 08 15:08:09 2012 Elapsed Time

Single Point BET (Adsorption)

=0.6416 cc
=707.56 mm Hg
= 7740 deg K
=0.0500 mm Hg
=60 sec

=240 sec

= 268.25 Minutes.

Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

P/Po Specific Surface Area
[m/g]
0.296004 2.741166

Quantachrome Corporation

NOVA Enhanced Data Reduction Software Ver. 2.13

File Name =n260801.dat

NOVA-2200 Ver. 6.11

= SERGIO User Setup

= TMN PETER ENG CIVIL

= 2060 Sample Cell Number
=1.6062g Sample Volume
=0.0000 g/ce

= Calculate Po

= Nitrogen Bath Temperature

=0.0500 mm Hg
=60 sec
=240 sec

Desorption Tolerance

Desorption Equil Time
Desorption Dwell Time
= Fri Jun 08 15:08:09 2012 Elapsed Time

BJH dV/d[logD] (Desorption)

=66

Il
55

0
=0.6416 cc
=707.56 mm Hg
= 7740 deg K
=0.0500 mm Hg
=060 sec

=240 sec

= 268.25 Minutes.

Pore Diameter Pore Area Pore Volume

[A] [m¥/g] [cc/g] x 10e-3
836.022194 0.187920 3.927637
155.015669 1.888941 7.320386
84972311 2.340452 4.971840
60.201670 3.300936 4.968047
46.010609 6.707254 7.715121
36.818599 43.387042 39.936253
30.208502 0.588767 0.444644

Total Pore Volume is 0.00972 cc/g for

all pores of diameter smaller than 1462.875 A.

Average pore diameter is 140.914 A
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Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n260801.dat

Instrument = NOVA-2200 Ver. 6.11

User ID = SERGIO User Setup =66

Comments = TMN PETER ENG CIVIL

Sample ID = 2060 Sample Cell Number =30

Sample Weight =1.6062 g Sample Volume =0.6416 cc
Sample Density =0.0000 g/cc

Po Type = Calculate Po =707.56 mm Hg
Adsorbate = Nitrogen Bath Temperature = 7740 degK
Adsorption Tolerance =0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
Adsorption Equil Time = 60 sec Desorption Equil Time =60 sec
Adsorption Dwell Time = 240 sec Desorption Dwell Time = 240 sec
Analysis Start Time = Fri1 Jun 08 15:08:09 2012 Elapsed Tine = 268.25 Minutes.

BJH dV/d[logD] (Desorption)

35.955
31.960
27.965
g 23.970
P
=0
3 -
— 19.975
=
=
°
=
j)
B 15.980
11.985
7.990
D A |
\ / B _7“—7—”_qi_i_ﬁdxrrhh
3.995 |
0.000 Jj

0.000 83.605 167210 250815 334420 418025 501.630 585235 668840 752445 836.050
Pore Diameter [A]
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation

NOVA Enhanced Data Reduction Software Ver. 2.13

NOVA-2200 Ver. 6.11

File Name = n260801.dat

SERGIO User Setup
TMN PETER ENG CIVIL
2060 Sample Cell Number
1.6062 g Sample Volume
=0.0000 g/cc
= Calculate Po
Nitrogen Bath Temperature

=0.0500 mm Hg
=60 sec
=240 sec

= FriJun 08 15:08:09 2012

Desorption Tolerance
Desorption Equil Time
Desorption Dwell Time

Elapsed Time

Isotherm (Adsorption/Desorption)

=707.56 mm Hg
= 7740 degK

=0.0500 mm Hg
=60 sec
=240 sec

= 268.25 Minutes.

P/Po Volume Adsorbed @STP
[ec/g]
0.052176 0.638965
0.101365 0.679991
0.150386 0.723914
0.198885 0.775952
0.247392 0.832862
0.296004 0.894593
0.396573 1.044834
0.500545 1.229418
0.600811 1.458584
0.700280 1.716297
0.798339 2.031030
0.895579 2.729741
0.986557 6.290807
0.901060 4.273085
0.790401 3.097688
0.693244 2.700599
0.590894 2.406514
0.493995 2.099244
0.394329 0.986268
0.304147 0.840853
0.188658 0.703667
0.103252 0.622861
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Instrument
User ID
Comuments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n260801.dat

NOVA-2200 Ver. 6.11
SERGIO
TMN PETER ENG CIVIL

2060
=1.6062 g
=0.0000 g/cc

= Calculate

= Nitrogen
=0.0500 mm Hg
=60 sec

=240 sec

=Fri Jun 08 15:08:09 2012

User Setup =066

Sample Cell Number =30

Sample Volume =0.6416 cc

Po =707.56 mm Hg

Bath Temperature = 77.40degK
=0.0500 mm Hg
=60 sec

=240 sec

Desorption Tolerance
Desorption Equil Time
Desorption Dwell Time

Elapsed Time = 268.25 Minutes.

Isotherm (Adsorption/Desorption)
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5.040
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Red: adsorption

Blue desorption

1.000
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SampleCP111-POX-LS-N30

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n261502 dat

Instrument = NOVA-2200 Ver. 6.11

User ID = SERGIO User Setup =66

Comments = 3PO PETER CIVIL UFMG

Sample ID = 2065 Sample Cell Number =31

Sample Weight =1.0847 g Sample Volume =0.4151cc
Sample Density =0.0000 g/cc

Po Type = Calculate Po =710.48 mm Hg
Adsorbate = Nitrogen Bath Temperature = 7740 degK
Adsorption Tolerance =0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
Adsorption Equil Time =60 sec Desorption Equil Time = 60 sec
Adsorption Dwell Time = 240 sec Desorption Dwell Time = 240 sec
Analysis Start Time =Fri Jun 15 08:03:36 2012 Elapsed Time =241.45 Minutes.

Multi Point BET (Adsorption)

P/Po BET Transform
[1/{W[Po/P - 11}]
0.047144 60.792829
0.099604 132.227413
0.151264 208.588345
0.201360 286.257084
0.250959 367.898431
0.300240 453.432135
Slope = 1551.961044
Intercept = -20.208253
Correlation Coefficient = 0.999079
BETC = -75.798377
Total Surface Area in Cell 2.4661 m?

Specific Surface Area 22736 mi/g
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Tune

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n261502.dat

NOVA-2200 Ver. 6.11

= SERGIO User Setup =066

= 3PO PETER CIVIL UFMG

= 2065 Sample Cell Number =31

=1.0847 ¢ Sample Volume =0.4151cc
=0.0000 g/ce

= Calculate Po =710.48 mm Hg
= Nitrogen Bath Temperature = 7740 deg K
=0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
=60 sec Desorption Equil Time =60 sec

=240 sec Desorption Dwell Time =240 sec
=FriJun 15 08:03:36 2012 Elapsed Tine =241.45 Minutes.

Single Point BET (Adsorption)

Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

P/Po Specific Surface Area
[m¥g]
0.300240 2.305948

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n261502.dat

NOVA-2200 Ver. 6.11

= SERGIO User Setup =066

= 3PO PETER CIVIL UFMG

= 2065 Sample Cell Number =31

=1.0847 g Sample Volume =04151cc
=0.0000 g/cc

= Calculate Po =710.48 mm Hg
= Nitrogen Bath Temperature = 7740 degK
=0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
=060 sec Desorption Equil Time =60 sec

=240 sec Desorption Dwell Time =240 sec

= Fri Jun 15 08:03:36 2012 Elapsed Time = 241.45 Minutes.

BJH dV/d[logD] (Desorption)

Pore Diameter Pore Area Pore Volume

[A] [m?¥/g] [ce/g] x 10e-3
829.003632 0.204905 4.246678
156.861596 1.645474 6.452792
87.595416 1.732654 3.794313
62.262133 1.857910 2.891936
46.783492 4.570045 5.345066
36.696575 23.150232 21.238355

Total Pore Volume i1s 0.00814 cc/g for 7
all pores of diameter smaller than 1447.926 A.

Average pore diameter is 143.226 A.
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

19.125

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n261502.dat

= NOVA-2200 Ver. 6.11
SERGIO
3PO PETER CIVIL UFMG

= 2065
1.0847 g
=0.0000 g/ce

= Calculate

= Nitrogen
=0.0500 mm Hg
=60 sec

=240 sec

=Fri Jun 15 08:03:36 2012

User Setup =066

Sample Cell Number =31

Sample Volume =0.4151cc

Po =710.48 mm Hg
Bath Temperature = 7740 degK
Desorption Tolerance =0.0500 mm Hg
Desorption Equil Time = 60 sec
Desorption Dwell Time = 240 sec
Elapsed Time = 241.45 Minutes.

BJH dV/d[logD] (Desorption)

17.000

14.875

10.625

8.500

Pore Volume [cc/g] x 10e-3
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Pore Diameter [A]
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation

NOVA Enhanced Data Reduction Software Ver. 2.13

NOVA-2200 Ver. 6.11

File Name = n261502.dat

= SERGIO User Setup

= 3PO PETER CIVIL UFMG

= 2065 Sample Cell Number
=1.0847 g Sample Volume
=0.0000 g/cc

= Calculate Po

= Nitrogen Bath Temperature

=0.0500 mm Hg
=60 sec
=240 sec

=FriJun 15 08:03:36 2012

Desorption Tolerance
Desorption Equil Time
Desorption Dwell Time

Elapsed Time

Isotherm (Adsorption/Desorption)

=710.48 mm Hg
= 7740 degK

=0.0500 mm Hg
=60 sec
=240 sec

= 241.45 Minutes.

P/Po Volume Adsorbed @STP
[cc/e]
0.047144 0.651185
0.099604 0.669386
0.151264 0.683637
0.201360 0.704726
0.250959 0.728655
0.300240 0.757113
0.398236 0.832403
0.496073 0.927259
0.595625 1.058792
0.695689 1.233928
0.798352 1.448205
0.895804 1.914069
0.986416 5.270335
0.901504 3.106499
0.796132 2.096472
0.703731 1.789557
0.603001 1.598102
0.492796 1.344785
0.392309 0.732757
0.302188 0.658354
0.204373 0.616327
0.104474 0.603002
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time

Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = 1n261502.dat

= NOVA-2200 Ver. 6.11
= SERGIO
= 3PO PETER CIVIL UFMG

= 2065
=1.0847¢g
=0.0000 g/ce

= Calculate

= Nitrogen
=0.0500 mm Hg
=60 sec

=240 sec

= Fri Jun 15 08:03:36 2012

User Setup =66

Sample Cell Number =31

Sample Volume =0.4151cc

Po =710.48 mm Hg
Bath Temperature = 7740 deg K

=0.0500 mm Hg
=60 sec
=240 sec

Desorption Tolerance
Desorption Equil Time
Desorption Dwell Time

Elapsed Time = 241.45 Minutes.

Isotherm (Adsorption/Desorption)

5.300 o

4770

4240

3.710 /
= /
jo) - /
g 3.180 o
= A
)
=]
2 2650 /
g )
:“%? /
2 //
_g 2.12 L
- _‘

A
g e
/
1.590 e
1.060 /Z
ok ’“E’
0.530 =
0.000
0000 0100 0200 0300 0400 0500  0.600 0700  0.800 0900  1.000
P/Po

Red: adsorption

Blue desorption
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Sample CPI11-CL-NH-LP

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name =n262003.dat

Instrument = NOVA-2200 Ver. 6.11

User ID = SERGIO User Setup =66

Comments = RPETER CIVIL UFMG

Sample ID = 2070 Sample Cell Number =30

Sample Weight =11071g Sample Volume =04131cc
Sample Density =0.0000 g/ce

Po Type = Calculate Po =705.18 mm Hg
Adsorbate = Nitrogen Bath Temperature = 7740 deg K
Adsorption Tolerance =0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
Adsorption Equil Time =60 sec Desorption Equil Time = 60 sec
Adsorption Dwell Time = 240 sec Desorption Dwell Time = 240 sec
Analysis Start Time =Wed Jun 20 16:14:55 2012 Elapsed Time =269.15 Minutes.

Multi Pomt BET (Adsorption)

P/Po BET Transform
[1/{W[Po/P - 1]}]
0.046092 84.937958
0.099053 187.155603
0.150629 290.142750
0.201042 386.577583
0.250717 479.550670
0.300140 575.179502
Slope = 1928.948270
Intercept = -2.893670
Correlation Coefficient = 0.999960
BETC = -665.609524

Total Surface Area in Cell
Specific Surface Area

2.0018 m*
1.8081 m¥g
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Instrument
User ID
Comuments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n262003.dat

NOVA-2200 Ver. 6.11

= SERGIO User Setup =66

= RPETER CIVIL UFMG

= 2070 Sample Cell Number =30

=1.1071g Sample Volume =0.4131 cc
=10.0000 g/cc

= Calculate Po =705.18 mm Hg
= Nitrogen Bath Temperature = 7740 degK
=0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
=60 sec Desorption Equil Time = 60 sec

=240 sec Desorption Dwell Time = 240 sec

=Wed Jun 20 16:14:55 2012

Elapsed Time

= 269.15 Minutes.

Single Point BET (Adsorption)

Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

P/Po Specific Surface Area
[e/g]
0.300140 1.817246

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name =n262003.dat

= NOVA-2200 Ver. 6.11

= SERGIO User Setup =66

= RPETER CIVIL UFMG

= 2070 Sample Cell Number =30

=11071g Sample Volume =04131cc
=0.0000 g/ce

= Calculate Po =705.18 mm Hg
= Nitrogen Bath Temperature = 7740 degK
=0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
=60 sec Desorption Equil Time = 60 sec

=240 sec Desorption Dwell Time = 240 sec

=Wed Jun 20 16:14:55 2012

Elapsed Time

BJH dV/d[logD] (Desorption)

=269.15 Minutes.

Pore Diameter Pore Area Pore Volume

[A] [m¥/g] [cc/g] x 10e-3
872.786625 0.157931 3.446007
158.082975 1.794845 7.093361
86.887872 1.527530 3.318096
60.813428 1.770193 2.691287
46.811877 3.323583 3.889578
36.536658 12.818156 11.708315
29.97633 1.174774 0.880385

Total Pore Volume is 0.00696 cc/g for 7
all pores of diameter smaller than 1534.679 A.

Average pore diameter is 154.025 A,
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

11.750 —,

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name =n262003.dat

= NOVA-2200 Ver. 6.11
= SERGIO
= RPETER CIVIL UFMG

= 2070
=1.1071¢g
=0.0000 g/ce

= Calculate

= Nitrogen
=0.0500 mm Hg
=60 sec

=240 sec

=Wed Jun 20 16:14:55 2012

User Setup =66

Sample Cell Number =30

Sample Volume =04131cc

Po =705.18 mm Hg
Bath Temperature = 7740 deg K
Desorption Tolerance =0.0500 mm Hg
Desorption Equil Time = 60 sec
Desorption Dwell Time =240 sec
Elapsed Time = 269.15 Minutes.

BJH dV/d[logD] (Desorption)

9.400

7.050

5.875

Pore Volume [cc/g] x 10e-3

4.700

1.175

0.000

0.000

§7.280 174560 261.840

349.120 436400 523.680 610960 698.240
Pore Diameter [A]

785.520

872.800
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation

NOVA Enhanced Data Reduction Software Ver. 2.13

NOVA-2200 Ver. 6.11

File Name = n262003.dat

SERGIO User Setup
R PETER CIVIL UFMG
2070 Sample Cell Number
1.1071 g Sample Volume
=0.0000 g/cc
= Calculate Po
Nitrogen Bath Temperature

=0.0500 mm Hg
=60 sec
=240 sec

=Wed Jun 20 16:14:55 2012

Desorption Tolerance
Desorption Equil Time
Desorption Dwell Time

Elapsed Time

Isotherm (Adsorption/Desorption)

=705.18 mm Hg
= 77.40degK

=0.0500 mm Hg
=60 sec
=240 sec

=269.15 Minutes.

P/Po Volume Adsorbed @STP
[ec/e]
0.046092 0.455165
0.099053 0.470022
0.150629 0.489051
0.201042 0.520810
0.250717 0.558285
0.300140 0.596572
0.399322 0.690503
0.497227 0.797481
0.596827 0.947401
0.696131 1.129185
0.801429 1.376254
0.897781 1.850497
0.987196 4507426
0.901897 2.696487
0.799352 1.613499
0.690684 1.294124
0.604046 1.142215
0.491795 0.941595
0.388863 0.577761
0.302331 0.500291
0.204982 0.433584
0.090426 0.388615
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Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name =n262003.dat

Instrument = NOVA-2200 Ver. 6.11

User ID = SERGIO User Setup =66

Comments = RPETER CIVIL UFMG

Sample ID = 2070 Sample Cell Number =30

Sample Weight =11071g Sample Volume =0.4131 cc
Sample Density =0.0000 g/ce

Po Type = Calculate Po =705.18 mm Hg
Adsorbate = Nitrogen Bath Temperature = 7740 deg K
Adsorption Tolerance =0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
Adsorption Equil Time =60 sec Desorption Equil Time =60 sec
Adsorption Dwell Time = 240 sec Desorption Dwell Time = 240 sec
Analysis Start Time =Wed Jun 20 16:14:55 2012 Elapsed Time = 269.15 Minutes.

Isotherm (Adsorption/Desorption)

4.550 7

4.095

3.640

3.185
L
8 2.730 a
a.
=
2 2275
=
% ”r
g
QL /
E ,”
2 1.820
< / /
> [

/‘//T //
S /
1.365 <L
= ~
0.910 = -
0455 |—o—=f=—=-
=
0.000
0.000 0100 0200 0300 0400 0500  0.600 0700 0800 0900  1.000
P/Po

Red: adsorption

Blue desorption
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Sample CPI11-CL-NH-LP-N10

Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name =n261101.dat

NOVA-2200 Ver. 6.11
SERGIO
NNIT 01 PETER CIVIL UFMG

2062
=1.0506 g
=0.0000 g/cc

= Calculate

= Nitrogen
=0.0500 mm Hg
=60 sec

=240 sec

=Mon Jun 11 16:48:59 2012

User Setup =66

Sample Cell Number =30

Sample Volume =0.3972 cc

Po =708.56 mm Hg
Bath Temperature = 7740 degK

Desorption Tolerance =0.0500 mm Hg
Desorption Equil Time = 60 sec
Desorption Dwell Time =240 sec

Elapsed Time = 217.20 Minutes.

Multi Point BET (Adsorption)

P/Po BET Transform
[1/{W[Po/P - 11}]
0.045667 68.046900
0.098436 145.573530
0.149910 224.389427
0.199907 299.369641
0.249633 374.488366
0.299153 452.526665
Slope = 1515451165
Intercept = -2.629161
Correlation Coefficient = 0.999958
BETC = -575.401088
Total Surface Area in Cell 2.4185 m?

Specific Surface Area

23020 m¥/g
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Instrument
User ID
Comuments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n261101.dat

NOVA-2200 Ver. 6.11
SERGIO User Setup =66
NNIT 01 PETER CIVIL UFMG

= 2062 Sample Cell Number =30

=1.0506 g Sample Volume =0.3972 cc
=0.0000 g/cc

= Calculate Po =708.56 mm Hg

= Nitrogen
=0.0500 mm Hg
=60 sec

= 240 sec

=Mon Jun 11 16:48:59 2012

Bath Temperature
Desorption Tolerance
Desorption Equil Time
Desorption Dwell Time

Elapsed Time

= 7740 deg K

=0.0500 mm Hg
=60 sec
=240 sec

= 217.20 Minutes.

Single Point BET (Adsorption)

Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

P/Po Specific Surface Area
[m*/g]
0.299153 2302197

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n261101.dat

NOVA-2200 Ver. 6.11
SERGIO User Setup =66
NNIT 01 PETER CIVIL UFMG

= 2062 Sample Cell Number
=1.0506 g Sample Volume =0
=0.0000 g/ce

Il
w

0
3972 cc

= Calculate Po =708.56 mm Hg
= Nitrogen Bath Temperature = 7740 deg K
=0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
=60 sec Desorption Equil Time = 60 sec

=240 sec Desorption Dwell Time = 240 sec

=Mon Jun 11 16:48:59 2012 Elapsed Time =217.20 Minutes.

BJH dV/d[logD] (Desorption)

Pore Diameter Pore Area Pore Volume

[A] [m¥/g] [cc/g] x 10e-3
846.721975 0.118184 2.501719
153.962297 1.836273 7.067920
87.594134 1.932476 4.231839
61.540906 1.843956 2.836968
46.717481 3.727735 4.353760
36.660670 14.508488 3.297272
30.117646 3.210101 2417017
24.497522 0.727824 0.445747

Total Pore Volume is 0.00662 cc/g for _
all pores of diameter smaller than 1490.545 A.

Average pore diameter is 115.100 A
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

—
)
(9%}
(=1
(=}
=

= Calculate
= Nitrogen

=0.0500 mm Hg

=60 sec
=240 sec

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name =1261101.dat

NOVA-2200 Ver. 6.11
SERGIO
NNIT 01 PETER CIVIL UFMG

=Mon Jun 11 16:48:59 2012

User Setup =066

Sample Cell Number =30

Sample Volume =0.3972 cc

Po =708.56 mm Hg
Bath Temperature = 7740 deg K
Desorption Tolerance =0.0500 mm Hg
Desorption Equil Time = 60 sec
Desorption Dwell Time = 240 sec
Elapsed Time =217.20 Minutes.

BJH dV/d[logD] (Desorption)

11.970 i

10.640

9310 !

7.980 i

6.650 ‘

Pore Volume [ce/g] x 10e-3

3.990 T

2.660

0.000

0.000

84.675

169.350

254.025

338.700 423375 508.050 592725 677.400 762.075 846.750

Pore Diameter [A]
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Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name =n261101.dat

Instrument = NOVA-2200 Ver. 6.11

User ID = SERGIO User Setup =066

Comments = NNIT 01 PETER CIVIL UFMG

Sample ID = 2062 Sample Cell Number =30

Sample Weight =1.0506g Sample Volume =0.3972 cc
Sample Density =0.0000 g/ce

Po Type = Calculate Po =708.56 mm Hg
Adsorbate = Nitrogen Bath Temperature = 7740 deg K
Adsorption Tolerance =0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
Adsorption Equil Time =60 sec Desorption Equil Time = 60 sec
Adsorption Dwell Time = 240 sec Desorption Dwell Time =240 sec
Analysis Start Time =Mon Jun 11 16:48:59 2012 Elapsed Time =217.20 Minutes.

Isotherm (Adsorption/Desorption)

P/Po Volume Adsorbed @STP
[ccrg]
0.045667 0.562664
0.098436 0.600105
0.149910 0.628805
0.199907 0.667782
0.249633 0.710792
0.299153 0.754709
0.396968 0.864347
0.497198 0.997448
0.596384 1.167552
0.695697 1.363349
0.798857 1.630347
0.896135 2.105770
0.986811 4.288357
0.897899 2.968706
0.798873 1.959290
0.697923 1.596652
0.602599 1.420709
0.491959 1.205028
0.392365 0.809246
0.303234 0.695611
0.186500 0.594277
0.102933 0.543169
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name =n261101.dat

= NOVA-2200 Ver. 6.11
= SERGIO
= NNIT 01 PETER CIVIL UFMG

= 2062
=1.0506 g
= 0.0000 g/cc

= Calculate

= Nitrogen
=0.0500 mm Hg
=60 sec

=240 sec

=Mon Jun 11 16:48:59 2012

User Setup =066

Sample Cell Number =30

Sample Volume =0.3972 cc

Po =708.56 mm Hg
Bath Temperature = 77.40 degK

=0.0500 mm Hg
=60 sec
=240 sec

Desorption Tolerance
Desorption Equil Time
Desorption Dwell Time

Elapsed Time =217.20 Minutes.

Isotherm (Adsorption/Desorption)

4.300

3.870

3.440

3.010 D
0
8, 2.580
ay
=
?'-3\
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2 2.150 :
‘5 e
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£
= 1.720
l=]
>

1.290

0.860

0.430

0.000

0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.300 0.900
P/Po

Red: adsorption

Blue desorption

1.000
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SampleCP111-CL-NH-LP-N30

Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n260802.dat

Instrument = NOVA-2200 Ver. 6.11

User ID = SERGIO User Setup =66

Comments = NNIT PETER ENG CIVIL

Sample ID = 2061 Sample Cell Number =31

Sample Weight =1.1853 g Sample Volume =0.4780 cc
Sample Density =0.0000 g/cc

Po Type = Calculate Po =707.56 mm Hg
Adsorbate = Nitrogen Bath Temperature = 7740 deg K
Adsorption Tolerance =0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
Adsorption Equil Time =60 sec Desorption Equil Time = 60 sec
Adsorption Dwell Time = 240 sec Desorption Dwell Time = 240 sec
Analysis Start Time = F1i Jun 08 15:08:09 2012 Elapsed Time =272.95 Minutes.

Multi Point BET (Adsorption)

P/Po BET Transform
[1/{W[Po/P - 1]}]
0.050841 71.464585
0.101903 147.588946
0.152282 227.856949
0.201516 308.939480
0.251038 396.164482
0.300735 487.685956
Slope = 1665.034362
Intercept = -20.405233
Correlation Coefficient = 0.999267
BETC = -80.598321
Total Surface Area in Cell 2.5099 m?

Specific Surface Area 2.1175 m¥g
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Instrument
User ID
Comuments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

Quantachrome Corporation

NOVA Enhanced Data Reduction Software Ver. 2.13

File Name = n260802.dat

NOVA-2200 Ver. 6.11

= SERGIO User Setup

= NNIT PETER ENG CIVIL

= 2061 Sample Cell Number
=1.1853 g Sample Volume

=0.0000 g/cc

Po
Bath Temperature

= Calculate
= Nitrogen

Desorption Tolerance
Desorption Equil Time
Desorption Dwell Time

=0.0500 mm Hg

=60 sec

=240 sec

= Fri Jun 08 15:08:09 2012 Elapsed Time

Single Point BET (Adsorption)

=707.56 mm Hg
= 77.40 deg K

=0.0500 mm Hg
=60 sec
=240 sec

=272.95 Minutes.

Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

P/Po Specific Surface Area
[m/g]
0.300735 2.147519

Quantachrome Corporation

NOVA Enhanced Data Reduction Software Ver. 2.13

File Name = n260802.dat

NOVA-2200 Ver. 6.11

= SERGIO User Setup

= NNIT PETER ENG CIVIL

= 2061 Sample Cell Number
=1.1853 g Sample Volume

= 0.0000 g/cc

= Calculate Po

= Nifrogen Bath Temperature
=0.0500 mm Hg Desorption Tolerance
=60 sec Desorption Equil Time
=240 sec Desorption Dwell Time

= Fri Jun 08 15:08:09 2012 Elapsed Time

BJH dV/d[logD] (Desorption)

=66

1
=0.4780 cc

(%]

=707.56 mm Hg
= 7740 deg K

=0.0500 mm Hg
=60 sec
=240 sec

=272.95 Minutes.

Pore Diameter Pore Area Pore Volume

[A] [m¥/g] [cc/g] x 10e-3
761.110083 0.178255 3.391791
157.010389 1.915506 7.518860
87.735664 2.039748 4.473965
60.733734 1.676627 2.545696
47.225133 2.299541 2.714904
37.208125 14.852512 13.815853

Total Pore Volume is 0.00716 ce/g for

all pores of diameter smaller than 1315.017 A.

Average pore diameter is 135.166 A.
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Analysis Start Time

13.850 ‘T

12.465

Quantachrome Corporation

NOVA Enhanced Data Reduction Software Ver. 2.13

File Name = n260802.dat

NOVA-2200 Ver. 6.11
SERGIO
NNIT PETER ENG CIVIL

2061
=1.1853 g
=0.0000 g/cc

= Calculate

= Nitrogen
=0.0500 mm Hg
=60 sec

=240 sec

= Fri Jun 08 15:08:09 2012

User Setup

Sample Cell Number
Sample Volume

Po

Bath Temperature
Desorption Tolerance
Desorption Equil Time

Desorption Dwell Time

Elapsed Time

BJH dV/d[logD] (Desorption)

=66

=31

=0.4780 cc

=707.56 mm Hg
= 7740 degK
=0.0500 mm Hg
=60 sec
=240 sec

= 272.95 Minutes.

11.080

9.695

Pore Volume [cc/g] x 10e-3
(=2}
=l
(]
h

5.540

2.770

0.000

0.000

76.115  152.230 228345

304460 380.575 456.690
Pore Diameter [A]

532.805

608.920 685.035

761.150
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Instrument
User ID
Comments

Sample ID
Sample Weight
Sample Density

Po Type
Adsorbate

Adsorption Tolerance
Adsorption Equil Time
Adsorption Dwell Time

Amnalysis Start Time

Quantachrome Corporation

NOVA Enhanced Data Reduction Software Ver. 2.13

NOVA-2200 Ver. 6.11

File Name = n260802.dat

= SERGIO User Setup =066

= NNIT PETER ENG CIVIL

= 2061 Sample Cell Number =31

=1.1853 g Sample Volume =0.4780 cc
=0.0000 g/cc

= Calculate Po =707.56 mm Hg
= Nitrogen Bath Temperature = 77.40 degK

=0.0500 mm Hg
=60 sec
=240 sec

= Fri Jun 08 15:08:09 2012

Isotherm (Adsorption/Desorption)

Desorption Tolerance
Desorption Equil Time

=0.0500 mm Hg
=60 sec

Desorption Dwell Time =240 sec

Elapsed Time

= 272.95 Minutes.

P/Po Volume Adsorbed @STP
[ce/e]
0.050841 0.599711
0.101903 0.615124
0.152282 0.630795
0.201516 0.653618
0.251038 0.676953
0.300735 0.705595
0.398066 0.771844
0.496702 0.868179
0.597725 1.003608
0.698187 1.185993
0.800537 1.441290
0.898051 1.997869
0.985018 4.632401
0.900090 2.986889
0.802319 1.896397
0.691349 1.471397
0.601849 1.315280
0.504124 1.174685
0.391986 0.707055
0.301554 0.642965
0.203904 0.600717
0.104875 0.572252
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Quantachrome Corporation
NOVA Enhanced Data Reduction Software Ver. 2.13
File Name = n260802.dat

Instrument = NOVA-2200 Ver. 6.11
User ID = SERGIO User Setup =066
Comments = NNIT PETER ENG CIVIL
Sample ID = 2061 Sample Cell Number =31
Sample Weight =1.1853 g Sample Volume =0.4780 cc
Sample Density =0.0000 g/cc
Po Type = Calculate Po =707.56 mm Hg
Adsorbate = Nitrogen Bath Temperature = 77.40degK
Adsorption Tolerance =0.0500 mm Hg Desorption Tolerance =0.0500 mm Hg
Adsorption Equil Time = 60 sec Desorption Equil Time = 60 sec
Adsorption Dwell Time = 240 sec Desorption Dwell Time = 240 sec
Amnalysis Start Time = F1i Jun 08 15:08:09 2012 Elapsed Time = 272.95 Minutes.
Isotherm (Adsorption/Desorption)
4.650
4.185
3.720
3.255
=i
8 2.790
a.
l'_.
=
2 2325
5
=
<
L
£
= 1.860
<
-
_H 5
1.395 -
T
L
0.930 .
0.465
0.000
0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 1.000
P/Po

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 CPI11-CL-LS

QOAHTACHROME CORPORATION

Mlteapycnometer L1000 Version 2.4
Eaalysis Report

Eample & Dier Parameters Aralysis Parameters
Eample ID: 3N Cell Sipe: Small
Belght: L_1908 grami ¥ added - Small: 11.744Z ca
Analyais Tesmperature: 23.1 dagc ¥ =ell: 15.3780 co

Target Pressure: 14.0 pai
Date: O0T7=-0&=12 Egoillbrise Tiee: Ruto
Time: 1&6:3d4:54 Pulse Purge: 30 Pulses
Daex ILD: SERCZIO Haximiy runs: Z0

Husbar of fons Averaged: 3

Results
Deviaticn Regoested: 0.003 & Dewiation Achieved: +/- 0.0333 &
Average Volume: 0.4467 cc Srd. Dew.: 0.0003 cc

Average Density: I_6656 gfoc Srd. Dew.: 0.0020 g/lec

Cofficient of varlation: 0.0741 &

Tabular Data

ROH VOLME [o2] DEHSITY ([gfec)
1 0.4&617 Z.5789
2 0.4487 Z.&64EL
3 O.4480 Z.&6HZ2
& 08422 . 6927
5 O.8425 Z. 6903
B 0.&421 Z. 6933
T 0.&841% Z. 6355
B 0.841% Z.6945
L] 0. 8488 Z_&782
10 O.8427 Z.&90l
11 0.4487 Z.&778
1z O.442%5 Z.&HES
1= 0.4457 Z.&718
14 0.445% Z.6741
15 0.&450 Z.&76l
1& D.&8458& Z.&67Z1
17 0.&8454& Z.6723
1z D.&8483 Z.6E83
1% 0.&8488 2. &850
20 0.&8471 Z_EE35
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Sample CP111-CL-LS-N30

QUANTACHRONE CORPORATICH
ulEt’*ﬁj‘Eﬂbﬁlt-t’ 1000 Versiian Z.4
hnalysis Report

Bample & Diar Parametars Apalysis Parametesrs
Sample ID: 3H Cell Size: Small
Belght: 1_J1871 grams ¥ added - Small: 11.7443% e
Analyais Temperature: I3.4 degC ¥ ecmll: 15.3780 o

Target Pressure: 14.0 pai
Data: 0&=-2%=-12 Egqoilibriue Tiee: Kito
Tima: 1&:51:59 Pulsse Furge: 30 Polies
Daer ID: SERSIO Harimies runs: Z0

Husl-ay of fans Averaged: 3

Beaalts
Deviation Pegoested: 0.003 & Deviation Achieved: +f/= D_05E2 &
Average Voloms: 0.4774 co Sed. Daw.: 0.0007 oo
Average Depaity: 2.€542 gloo Erd. Dew.: 0.0036 glec

Coafficiant of varlation: O0.13&3 &

Tabular Data

ROH WOLIME [oz) DEHSITY (gfec]
1 0.502F Z.5129
2 0.4285 Z.553¢
3 0.4217 Z.&6308
& O.4208 Z.&6355
5 0.4763 Z.&6E04
& 0.4785 Z.&6554
T 0.4755 Z.6E4G
B 0.4735 Z.&67&l
8 0.47a5 Z. 656
10 0.4755 Z.6E47
11 0.47a% Z.&5&7
1z 0.4772 Z.&554
1= 0.477Z Z.&65532
14 0.4768 Z.&65Te
15 0.4790 Z.6454
1& 0.4775 Z.&651E
17 0.47a& Z.&585
1z 0.4774 Z.&6543
13 O0.47a& Z.&58E
20 0.4TEZ Z.6437
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Sample CPV-CL-LS

QUAHTACHROME CORICRATIOH
Ultrapycnometer 1000 Version 2.4
hmalysis Report

Bample & Daer Paraseters Analysis Parameters
Sample ID: SR Cell =ize: Small
Belght: 1.3840 grama ¥ added - Small: 11.744% cc
Apalyais Temperature: 23.0 deglc ¥ eell: L5.3780 ec

Target Pressure: 14.0 pai
Data: O0T=-0%=-12 Egailibriusm Time: Ruto
Time: 0T:39:59 Fulse Purge: 30 Pulies
Oaexr ID: SEREIO HMarimiss runs: IO

Humbsr of fons Averaged: 3

Results
Deviation Reguested: 0.003 & Deviation Achieved: +/- 0.0130 &
Average Volums: 0.525% cc Std. Dev.: 0.0001 ce
Average Density: 2.€3l6 gfee Std. Dew.: 0.0007 gfec

Coafficlent of varlatiomn: 0.0ZTE &

Tabular Data

ROH WOLME [o2] OEHSLTY (gfea)
1 0.545& Z.5347
2 0.5%2& Z.59&5
3 0.5ZE0 Z.&6210
& 0.5231 Z.&6d5e
5 0.523% I.&644€
B 0.5%249 Z.&648€
T 0.5Z15 Z.&6537
B 0.5x11 Z.6559
5 0.5Z&4 Z.&6351
10 0.5Z&4 Z.6353
11 0.5Z3F I.8454
1% 0.5Z37 Z.&64I8
1z 0.5235 Z.&64z8
14 0.5I54 I.5344
15 0.5z4l Z.640%
1& 0.5Z50 Z.6361
17 0.5z40 Z.&6410
1z 0.5Z5E Z.&63I0
13 0.5Zal Z.&6305
0 0.5Z5E Z.&63Il

192



Sample CPV-CL-LS-N30

QOANTACHRONE CORPORATION
Tleeapycnomater 1000 Versiaom I.4
Aaalyais Report

SaEple & Dis: ParameCaEs Aralyais Parametera
Sample ID: SH Cell Sire: Small
Balght: 1.37%0 grams ¥ added - Zmall: 11.7443 co
Analyais Temperaturse: 23.0 degc ¥ oeell: 15.3780 co

Target Pressuee: 14.0 pai
Date: 07=08-12 Equillbrius Tima: Ruto
Time: 1T7:33:03 Pulse Purge: 30 Pulass
Daex ID: SERGIO Harimiy runs: I0

Humsber of fons Averaged: 3

asalis
Deviation Degoested: 0.0032 & Deviation Achieved: +/f= 0_1754 &
Average Volomes: 0.5140 co Erd. Daw.: 0.00159 co
Arerage Density: 1.6B1E glfoc Scd. Dew.: 0.0100 g/lac

Coafficiant of varlatiam: 0.37Z2 &

Tabular Data

ROH VOLME [o=) OEHSTTY (gfec)
1 0.5234 Z.5855
2 0.515%5 Z.6731
3 0.513% Z.&8&4
2 0.5080 Z. 7090
5 0.5084 Z.T1ZE
& 0.5072 Z.Tla0
T 0.507% Z.T1lE3
B 0.5054 Z.T2E8
8 0.508% Z.TO0T7E
10 0.5084 Z.7074
11 0.3502 %.5338
1z 0.5077 Z. TS
1z 0.5054 Z.7074
14 0.5104 Z.TOAS
15 0.511= 2. 6563
1& 0.5074 i
17 0.5157 Z.&6740
1 0.512& Z.6901
13 0.5127 Z.&897
20 0.5187 Z.6E=H
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Sample CPI11-SF-LS

QOANTACHROME CORPORATICH
Mltrapycncaster 1000 Version .4
Analyais Report

Bample & Dasr Parameters Aralysis Parameters
Bample ID: THO Call Size: Small
Balght: 1.4628 grama ¥ added - Small: L1.7443 oo
Analyiis Temperature: 23.1 deglC ¥ ooell: 15.3780 oo

Target Pressuee: 14.0 pai
Date: 0&6=3%=12 Eqoilibrius Time: Kuto
Time: 10:32:53 Pulse Purge: 30 Fulses
Daer Ik: SERZIO Harimiss runsa: 20

Huml=r of Purs Averaged: 3

Reaults
Deviation Reguested: 0.003 & Deviation Achieved: +/= D.0609 &
Average Voluows: 0.53741 ce Std. Dev.: 0.0008 cc

Average Density: 2.5481 g/fce Srd. Dew.: 0.0038 g/lec

Cosfficlent of varlation: 0.14T71 &

Tabular Data

ROH VOLME [o2) ODEHELTY (gfec]
1 0.55240 Z.4627
2 0.523& 2.50&7
3 0.577% 2.5315
£ 0.575& z2.5414
5 0.5740 Z.5422
B 0.5737 Z.5427
T 0.5731 z.5514
E 0.57484 Z.54485
o 0.5731 2.55212
10 0.5735 Z2.57&59
11 0.5727 2.5543
1z 0.573% Z.5428
1= 0.5734 Z2.5505
14 0.5730 2.5515
15 0.5727 2.5543
18 0.5T4& Z.5458
17 0.5740 2.5422
1g 0.5741 2.5478%
13 0.5751 Z.5435
20 0.5730 2.5527
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Sample CP111-SF-LS-N30

QUAHTACHRONE CORPORATIOH

Dltrapycncaeter 1000 Versian 2.4
hmalysis Report

Bample & Dser Parameters Aralysis Parameters
Sample ID: THM Cell =Sire: Small
Belght: 1_€305 grama ¥ added - Small: 11.744F cc
Analyiis Temperature: 23.0 daglc ¥ oeall: 15,3780 ca

Target Pressure: 14.0 pai
Date: D&E=-I5=-12 Equilibrivm Time: Kuto
Time: 11:24:29 Fulse Purge: 30 Fulses
Oser ID: SEREIO Haximiss runa: Z0

Humbsr of funs Averaged: 3

Resalts
Deviation Reguested: 0.003 & Deviaticn Achieved: +/= 0_0TE5S &
Average Volume: 0.624% cc Std. Dew.: 0.0011 cc

Average Density: 2.6082 gfee Srd. Dev.: 0.0045 g/lec

Coafficlent of varlation: 0.1723 &

TFabular Data

RO VOLME (oo DEHSITY ([(gfeca]
1 0.6451 Z2.5177
2 0.68331 Z.5759
3 0.6Z50 Z.&0Ee
£ 0.6214 2.6141
5 0.6X1& 2.6132
& O0.619%5 Z.&304
T 0.6183 Z.&6337
E 0.el98& Z.6305
5 0.6Z1E& Z.&6234
10 O0.6203 Z.&284
11 0.e205 2.63&3
1z 0.6Z1& 2.6123
1z 0.6Z243 Z.&lle
14 O.6Z1Z Z.6249
15 0.6245 Z.6092
1& 0.6Z38 Z.&lzH
17 0.68Z5Z Z.&0el
1z 0.8352 .60l
13 0.6261 Z.6044
0 0.68235 Z.&152
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Sample CP111-CL-POX-LS-N30

QOAHTACHRONME CORPORATICON
Mreapycnocaster 1000 Version 2.4
hmalysis Report

Sample & Dae: Paramebers Aralysis Parameters
Bample Ih:= 3P0 Call Size: Small
Balghit: 1_1100 grama ¥ added - Small: 11.7443 cco
Analysis Temperature: 23.27 degC ¥ cell: 15.3780 cc

Target Preasure: l4.0 pai
Date: 0T=-0E=12 Equilibriue Time: Ruto
Time: 15:41:51 Fulae Purge: 30 Pulses
Oaer ID: SERGIO HMarimiss runps: 20

Husbar of ons Awveraged: 3

Results
Deviation Regoested: 0.003 & Deviation Achieved: +/- 0.0347 &
Average Volume: 0.4080 cc Std. Dew.: 0.0003 ce

Average Density: 26958 gfoe Srd. Dew.: 0.0020 g/ec

Coafficlent of varlation: 0.0755 &

Tabular Data

ROH WOLME [oa) DEHSITY [gfec)
1 0.4204 2.61&80
) 0. 4060 2.7093
3 0.4023 2.7340
4 0.4004 2.7471
5 0.3993 2.7547
g 0.4004 2.7474
7 0.357% 2.TE4d
] 0.3997 2.7524
] 0.402%9 2.7305
10 0.4025 2.7326
11 0.4025 2.7333
12 0.4063 2.7075
13 0. 4050 2.7163
14 0. 4059 2.7103
15 0.4087T 7.6917
16 0. 4068 2.T042
17 0.4116 2.6728
18 0.4077 2.69377
15 0.407% 7.6967
20 0. 4085 76530
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Sample CL-NH-LP

QUAHTACHROME CORICRATICH
Ultrapycncaeter 1000 Versiaon 2.4
hmalysis Report

Sample & Daer Parametecs Analysis Parameters
Sample ID: R Ciell Sire: Small
Balght: 1.1176 grama ¥ added - Small: 11.744% oo
Arnalyais Temperature: 23.3 degc ¥ ooall: 15.3780 co

Tapget Fressues: 14.0 pal
Datw: 06-29-12 Eguillbriuwe Time: Auto
Time: 16:00:00 Pulae Puzge: 30 Pulass
Daexr ILD: SEREIO Haximiys runs: Z0

Humlsr of fons Averaged: 3

heaults
Deviation Reguested: 0.003 & Deviaticon Achieved: +/- 0.0733 &
Average Volome: 0.4194 cc Std. Dew.: 0.0007 ce

Average Density: 2.6645 gfee Std. Dev.: 0.0047 glec

Coafficlent of varlatian: 0.1T749 &

Tabular Cata

ROH WOLME [o2] OEHSITY (gfca)
1 0.840Z Z.5351
2 O.8ZET I.&0s8
3 0.4204 Z.6582
& 0.8Z10 Z.&6548
5 08207 I.&568
& 0.8170 Z.&803
T b.8lex Z.&048
B 0. 8l7g Z.&6747
8 0.4165 Z.6821
10 O.81a0 I.&0&8
11 0.817& Z.&76l
1% 0.8l Z.&0830
1z O.8le3d Z.&005
14 O.4181 Z.&7z8
15 0.4185 2.&6708
1& 0.818% Z.&e4l
17 O.81leX Z.&053
1z 08187 I.&esl
13 0.8204 Z.&581
0 08152 Z.&e6l
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Sample CL-NH-LP-N10
QUAHTACHRONE CORPCRATIOH
Ultrapyconcaeter 1000 Versian 2.4
hmalysis Report

Sample & Daer Parametecs Analyais Parameters
Sample ID: MHIT-01 Call Size: Small
Belght: l.0645 grams ¥ added - Small: 11.7443 co
Analyais Temperature: 23.7 deglc ¥ oell: 15.3780 oo

Target Pressure: 14.0 pai
Date: D&=-29=13 Eqoilibriue Time: Kyto
Time: 15:08:26 Pulas Purge: 30 Pulaes
Daer ID: SERZIO Marimues runs: 20

Humber of Rors Averaged: 3

Resalts
Deviation Regoested: 0.003 & Deviation Achieved: +/- D.08902 &
Average Volume: 0.3966 oo Std. Dew.: 0.0008 cc

Average Density: 2.6842 gfee Std. Dew.: 0.0051 gfec

Coafficlent of varlation: 0.1917 &

Tabular Data

ROH VOLIME [o=) ODEHSITY [(g/fec)
1 04108 2.5511
2 0. 357 2.67485
3 0.3517 2.7174
£ 03272 2.T7448E
5 0.320& 2.T73ze
B 0.3204 2.T73z29
T 0.3507 Z.Tl4E
E 0.3580E Z2.T7242
a 0.350= Z.T2TE
10 0.350= Z.T2TE
11 0.3521 Z.Tl47
1z 0.3%21& Z2.TLEL
1z 0.3%2% Z.T0R3
14 0.383%5 Z.TOZE
1% 0.3523% 2. TOZE
1& 0.3823& Z.7044
17 0.3584% Z.6948
1= 0.3577 26769
13 0.3580 Z.6B=2
20 0.3%61 Z.6B7E
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Sample CL-NH-LP-N30

QUANTACHROME CORPORATION
Flcrapgycenometer 1000 Version I.4
haalyais Report

Eample & Daer Parameters Aralysis Parameters
Eample ID: HHIT Cell Size: S=mall
Belght: 1.202]1 grams ¥ added - fmall: 11.7443% oo
Analyiais Tempearature: 2I.9 dagC ¥ ecall: 15 3780 oo

Target Predsure: 14.0 pail
Date: 0&-I5=-12 Egoilibrive Tise: Kuto
Tiee: 1Z2:17:13 Pulse Pusge: 30 Puolies
Daex ILk: SEREIO Haximiys runs: 20

Huml=er of fons Averaged: 3

asdlts
Deviation Begoested: 0.003 & Dewiation Achieved: +;/= 0_.0378 &
Average Voloms: 0.4502 oo Brd. Dew.: 0.0004 2
Arezage Depality: 2_€701 glfes Scd. Daw.: 0.002F gfec

Coafficient of varlatian: O0.0E0E &

Tabular Data

ROH WOLINE (o) DEHSITY (gfec)
1 O.4&66 Z.57&1
2 0.d5a4 Z.6d5e
3 0.451% Z.6E45
& 0.847E Z.6H4E
5 0.8476 Z.6H54
& 0.8458 Z. 6567
T D.8485 Z.6744
B O.4500 Z.&713
8 0.4470 Z.&6B91
10 0.8475 Z.6EEL
11 0.44E87 Z.&6791
1% 0.8485 Z.&7E1
1z 0.48472 Z.&6BE0
14 0.84583 Z.&753
15 O.4480 Z.6B32
1& 0.8459%5 Z.&718
17 0.48487 2.6733
1z 0.8459%5 Z.6719
13 0. 4500 Z.&713
0 0.8507 Z.6ETL
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ANNEX D Publications

Poster presented at the 1° Encontro do INCT de Nanomateriais de Carbono, October 18-20,
2009, Niteroi RJ

"d‘ - Sintese in situ de nanotubos de carbono de
» A2 parede multipla em clinquer de cimento Portland

llrn-?uﬂn.lvh-\-nv

UG

Péter Ludvig**, Luiz O. Ladeira®, José M. Calixto ', Ivan C. P. Gaspar ** e Valquiria S. Melo *
' Departamento de Engenharia de Estruturas — Escola de Engenharia - UFMG
* Laboratorio de Nanomateriais — Departamento de Fisica - ICEx - UFMG
email: gladuegepe-samudontaime by, ladsraifuicasim=Rr caliioidecs nfme D1

Introdugdo

Oy sasotubes de cebono (NTC) sdo en dos matenas mums resislenioy que
suntem A incorpoesgdo deles o matries de cimenio Portland pode melhoesr
sgnificativamentc & caradterivices mocincm do maieral oxmo & reusiincia
(sobrctado am aclo) ¢ a dutilidade O desafion &0 nonso projese alo obler
ums bos dipersiio dos NTC n0 matree, crar usa fore ligasdio calre o NTC ¢
amuevm 2 doglio desie P O

d b pxlewmvuulnhupdamhﬂh&-
NT( cm n.h-pa o ulunn pela produgio continus ¢ pela utilizagdo de
residucs indusinas creso malériss prisa

Metodologia
1. Sintese
Como sapote do cataloador o usado

mostrs um loor de 308 % de Fe O,
Como catsdsador cite e de Fe e
cutra fostes adicosais de Fe forss
uwsados As outras foales foren carepa
de laminasdo de &0, minéng de ferro
ado dizdvel ¢ lams 1
Catslisadores com difersnisy loores de
Fe adicionad (8¢ 0% 2 10 % em mava
do smupeeie) Remn pesparados. On
NTC foesn crescidios mum  procoiso
CVD com 300 g de matersal &
tempersiurss catre 750 ¢ 350 “C e com
acetdiens como foste do carbonn

2. Testes de resisténcia

Com o o plect NTC-

clisgquer, corpos de pan (cpn) de
Sormn mold

03\&?“!‘( nmlmbnmde

comeriss de concrety  foram
wtilizados Testes de flexdo em 3
pontos forses realusdos aos 3, Te 24
diss (6 cpm por idade) e Baerss de
25 x 25 x 150 me ¢ 80 mm de via
O eaies & compreadc forsn
resliradon sos 28 diss e 4 cpu de S0
A &0 %30 e

Resultados e discussao
1. Sintese

Espectro Ranas da snoes com 5 %
de aligho &e carcpa &e laninaglo de
g0, A rlacio 1 1, ¢ speoximadancale
igual & | Ox NTC prodecados por ede
catalisador o de baxa qualidade, ma
de rendmonto 2o (1445 % ds mwos
do produto )

T LIS
ﬂosuueauau!!

Catn G ]

rex rax R

T(nemd: MEYV (sumensto 7 000x) dos NTC crescidon 80 catsluador
com 5% de adigho de cavepa e lmsnacio de 300 Podems ser Sforemcisdon
NTC multiwall main fsos ¢ dfaitucsos (A) ¢ NTCU muoltwall posden mas
grossos (B)

TG o imagen de MEV dos NTU smistuados ns amostra comm 15 % de
abiglo de carcpa de lammaio de ago Os NTC o de medbor qualidale
(teseperaturn de queisa 576 “C) s de menor sendenenio (7,22 % da muos
do produto)

2. Resisténcia mecanica

Raststincia om Sezlo o | PEEtnCs wn comprastlo
0o sexs
A
0 . h S xx oA
w| ¥ el . -t NI
EIW e ¢ gcx o
i:w - !zxv -
.;: L anrm wtramcn teckocs) - e
I B 2
wo - GRS A - GO [ =3
L A \
:.m x m\: LT AN
- A T
Conclusédes
» Fon possivel crescer NTC e clinguer de Portlad no ¢ Cc\VD
Aqualdaiccag Sade do produto fou vandve em flusglo dos catalisadoosy
adiciones
» Coms wn & e do 0.3 % de NTC em mmsas &
:mnru'mdvduhu-tIlkkmmnm&:umﬂsﬁ)eﬂw
% & na = em preaddo (tapo | Hosado +
polissaceideos)
*As difeenge obtidas com ssgoe de & adiliven , Gque s

dopardo ¢ a ligglo & NTC ns matree ¢ fusdsmoniad para schors o
caracteristica do compisito

+O NTC 1m mfudnce na vek

tnfe de hidrea o do
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Oral presentation at the IX™ Brazilian MRS Meeting, October 24-28, 2010, Ouro Preto MG

Mechanical behavior of Portland cement nanocomposites
prepared by in-situ svnthesis of carbon nanotubes and
nanofibers

P Ludvig"= L. 0. Ladein™, I. M. Calizso', I C. P. Gaspar’ ™ and V. 5. Mek™'

(1) Deparmeent of Soucnmal Enmpnesring, Federal Univerity of Minas Gemiz, Belo Horizoome,
Brazl

(1) Nanomaterials Laberatory, Depanment of Physics, Federal University of Minas Geriz, Belo
Horzonte, Brazl

The addirion of carbon nanomubes (CWTE) o Portland cement may result in a composits with
enhanced mechanical properties. A panocempostte based on the simple physical mixhare of CWNTs
and cement has already shown mieresting resulis: 34 % zain in tensile s@ength [1]. The cost of such
a composie is sl high doe to CWT price in the infematicnal market Cur group bas already
symthesized CWNTs or carbon napofibers (CWFs) directly on the clinker mmains or other concrets-
compaiible materals. Using the process described m [2], the production of such composies can be
economically more eficient and the dispersion iszees of CWTs and CWFs i the cement matnix can
be resolved

CWTs and CWFs were gromn directly oo Portland cement clinker and silica fume by CVI.
The gquality (nanoiube or fber merpholegy) and quanfity (carhon vield) of the product were
mfluenced by the addition of mon particles m the form of indusirial by-products such as steel mill
srale and furpace dust. The prodoct was chamcterized by SEM. TEM, Faman specimoscopy and
TGA.

The fabmcation of CWT-CWF apd Poriland cement compesites imvelved funciionalization
methods based on acid ozens and bydrogen peroxide weamment as well as the use of vanous
conmercially available surfactants. The in-si symihesis facilitated the processing but limited the
uze of fnctionalization techniques as the suppon material (clinker) iz sensiive 0 AEETessive
Teamments.

Mechaniral strenzth tests were performed on cement mertar specimens (ains up to 89 % and
34 % were observed in compressive and in flevural sirength respectively with the addition of only
0,3 % of CWTs/CHFs of the hinder confent. Functionalization and the use of surfactants influence
significantly the mechamical behaviar

Epywards: carbon nanotubes, carbon ranafibers, Portland cement, composiies
‘Work supported by FAPEMIG and Instingto Macional de Tecnalogia de Carbona/ CHPg/MCT.

[1] Mela, V. 5. “Nanotecnologia aplicada ao concrete: Efeito da mistura fsica de nanetubos de
carbong em mamizes de cimente Pordand” - Master's dissertation in Civil Engineering, Schoal
of Engineering, Federal University of Minas Geraiz, Belo Horizonte, 2008,

[2] L. O. Ladeira, E. E. Silva, 5. de Oliveira, E. & Lacerda, A. 5. Ferlanwo, E Avila and E.
Lourencon. “Processo de sintess contnua & &m larga escala de nanonibos de carbono sobre o
clinquer de cimento e produios nampestrafurades”, Brazilian Patent, INPI 014080002727
(3004 2008

pludvieene—gorut dout yine by, Laberatorie de Nanemareviais, ICEx — Dep. Fisica — Sala 4149,
Av. dnrdnie Carlos, 86217 - Pampuilha — Belo Horzonte MG - CEP 31270-801
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Abstract: Carbon nanetubes (CMTs) and nanofibers (CNFs) were synthesized on clnker
and silica fume particles in order to create a low cost cementitions nanostractored material.
The synthesis was carried out by an in siny chemical vaper deposition (CVD) process using
converter dust, an mdustrial byproduct, as iron precurser. The use of these materials
reduces the cost. with the objective of application in large-scale nanosmuchored cement
producton. The resulting products wers amalyzed by scanning electron microscopy (SEM),
transmizsion electron microscopy (TEM) and thenmestavimetric analysis (TGA) and were
found to be polydisperse in size and to have defective microstmacrare. Some enhancement
m the mechanical behavior of cement mortars was observed due to the addition of these
nano-size materials. The conmibution of these CWTwCHF: to the mechanical sirength of
martar specimens i similar to that of high qualify CWTs incorporated in martars by
phyzical mizhme.

Eeywords: cement; carbon nanotabes: composites; converter dust; i sin synthesis: TV
compressive smengih: fewural srength
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1. Introduction

Partland cement concrete iz the world's most consumed building material dus to its zood
mechanical behavior, low cost md the global availability of mw materals However, even after
cenfuries of use of cement-based materials some serous problems sill remain due to their low tensils
stength Carbon manotubes (CNTs) and nanofibers (CFs) have the potential to enhance the mecharical
behaviar of these composites as thew tenzile strength is ooe of the highest of the materials kmeown
taday [1). CWTs create links that limit the propagation and the opening of cracks at the submicron level.
Some tentative studies have already been made to create such cement-CNT composites with a shghe
improvement of mechamical srength: up to 30—207% zain m compressive and‘or fexural srength [2-5].

DChuring the steel production process in a converter, the impurities incloded in the molten pig iron are
removed by blowing hizh pumfy oxygen. The oxygen oxidizes the carbon and other mpursties. The
exhaust gas of the cooverter confains a high quantity of dust of iron exide particles which are collected
in a filter system The material is accessible in zreat abundance in areas of stesl producton, as is the
case of the st of Minas Gerais, Brazl This dust represents a serwus environmental problem as the
large quantities created are mostly disposed m landfills. The composition and particle size of this dust
is pot commolled. buf confains iron oxide particles with crystallile size below 100 nm, which is
applicable to CHT symthesis.

Today the catalytic chemical vaper deposition (CVDY) process has the biggest potential o be nsed
far large-scale CWT producton. The catalyst is normally composed of ransition metal nanopartcles
supported on a hizh surface ar=a material that is stable under the synthesis conditions. Portland cement
clinker and silica fiume bave hizh stability at typical CNT synthesss temperatures (between 700 and
1004 *C). Variows catalyst compositions have already been used for CHT-CWF synthesis. inclding
Portland cement [7] and silica fume impreznated with iron salts [B].

The aim of this work is to mvestipate the possibility of the use of converter dust (CD) as metal
precurser for CWNT-CWF in i CVD synthesis on Portland cement clinker and silica fome, and to
evahuate the mechanical sorength of mortar specimens made with these nanostruchared materials. Using
high quality CWTs for cement compasite production would rmiss costs with respect to the benefits in
mechanical behaviar. The CD as catalyst has sippificantly lower costs with respect to high purity metal
salts or other mansition me@] precursors used for CWT synthesiz. The use of the CD in the synthesis
aims to reduce production costs and te contribute to reduce the amount of disposable indostral waste.

1 Experimental
2.1, Syntheis

Pariland cement clinker was pround to the same fineness as cement. Silica fome (Silmix—Camargs
Corrsa Metaiz SA) was used as received. Compositions of the synthesis supports are given in Table 1
and Table 2. The compositon of Portland cement chinker was defermined by wavelength dispersive
X-ray spectometry (WDS) microprobe amalysis. The composition of silica fume was given by the
manufacturer. T was used as received, in a form of a brown, magnetic dust. Its chemical composition
was determined by energy dispersive X-ray specmomety (EDS) and is given in Table 3.
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Table 1. Portland cement clinker chemical composition based on a wavelength dispersive
X-may spectrometry (WD'S) microprobs investization.
Mz 50, Mol ALD, K0 Feddy S50, Cal

%] %] %] %] (%] [W] [%] %]
PCclimker 207 055 005 384 133 308 1717 5467

Tabde 2. Silica fume chemical compesifion, as ebtained by the marifachorer.
Fe,0, CaQ ALD, MgD Na0 KO &0, HO

[%4] [*%]  [%] [fa]  [%] [%] [fa]  [%]
Silicafame 004 020 008 063 005 040 9647 061

Table 3. Cooverfer dust chemical composition, based on an energy dispersive X-ray
spectrometry (ED'S) investizaton

C[%] O[%] Mz[%] Si[*h] Ca[%] Fe[%]
Converterdust 301 3247 330 074 680 5374

Catalysts were prepared by adding 2 5% Fe precursor to suppart materials with respect to mass and
mixing in a ball mill during 24 hours. A CVD reactor was wsed for i miw CNT-CHF synthesis; it has a

silicon carbide nobe with a confrollable temperarare length of 30 cm Thirty to three-mdred prams of

the catalyst were placed in silicon carbide boats in the CVD reactor (Figure 1). The reaction
temperature was chosen based on previous expernmments; 250 *C for the clinker supparted catalyst and
750 °C for the silica fume supparted catalyst. The reactor Zone was flushed by argen fhox undl the
reaction temvperature was reached During the synthesis a mixtore of argon (1500 sccm) and acetylens
(500 soom) fhux was applied Afier the synthesis process the arpen flux was mamtained until cooling fo

TO0m TEmpETaiire.

Figure 1. The CVD reactor used for m s CWT/CNF synthesis on cementitions materials.

Synthesis products were characterized by scaoning elecron micrescopy (SEM), transmissien
gleciron microscopy (TEM) and thermogravimemic analysis (TGA). A Quanta 200 FEG FEI
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microscope Was used for imaging the products usms secondary electron detector. A Temai-G2-20-FEI
TEM mstrument was employed to identfy CWNTs and CNFs and to charactenize CNT wall structure
Mean diameters of CHTs and CNF: were determmed TGA amalysis was performed on a TA
Instraments SOT-2960 equipment with 10 *C/min heat rate in air fSow.

2.2, Mechanical Behavior

Cement martars were mixed with 0 and 0.3% CNT-CINF content of the mass of binder, based on
previous shadies [9] NST-C morar was prepared with nanestroctured clinker meamwhile NST-5
mortar contained nanesmuchmed silica fome. All mortars were made with 1:3 cement to agerezate
proportion. The cement content was 330 kg/m'. Egual amounts of sand of 0.13, 030, 0.50 and
120 mm in size were used, according fo NBE.7215 Brazlian standard [10]. Cement to water atio was
040 in all cases. Brazilian CP-IIT-40 cement was used; it has a clinksr content berween 30 and 60%
and blast fiurnace slag content between 35 and 70% [11). To enhance workability of the mixhare and to
help CWT/CHF dispersion, a ignesulfonate based plasticizer was employed: 1.5% of cement comtent
was used. Mortars BEF-5 and WST-5 contained silica fume in 10% of the mass of binder. Details of
mariar compositions are shown in Table 4.

Table 4. Martar mix propartion.
Martar Composition CNT/CNF content  WiCH Plasticizer comtent
kzm’y fkgm’) (kz/m’)
BEF-C 1 04 TRS
NST-C 159 04 785
BEF-5 0 04 TR
NST-5 1.59 04 TR

“cumant: silica fome: fine aggregtes.
\wutar/cementitons material mtic.

The materials were mixed in a merfar blender. First the solid compenents were mited together
(cement, nanostmactared material and sand) and mixing water was added subsequently. The plasticizer
was added together with the water. Prismatic mortar specimens (40 mm = 40 mm = 150 mm m size)
were st io stee] molds. After de-melding the specimens were kept in water uniil the day of testing.
Tests were performed 7 and 28 days after casting, using a serve-hydraulic mm in a displacement
coomolled mode (0.5 mm/min). A three point bending test m a span of 100 mm was used to evaluate
the flexural srength. Compressive tests were performed on the remaining ends of the specimens using
40 mm = 40 mm stz plates. The strenpth values were calonlated as the mean of the results of four
specimens tested at each age.

3. Results and Discussion
3.1, Synthesis

The msty-brown catalyst powders toned black after the CVD process showing the deposit of
carbon materials. The carbon deposit was formed mainlty of fbrous products clearly seen on SEM
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images (Figure 2). The imagzes show that cement supported catalyst produced fibers with high diameter
dispersion; meanwhile silica fume supportad catalyst produced fibers with smaller dlameter and less
disperse in size. TEM images of the product revealed the presence of CNFs and highly defectve
CNTs (Figure 3). In the case of clinker supported material two characteristic carbon products were
identified with diameters of 70-80 nm and 100-200 nm. Silica fame produced CNTs and CNFs with a
diameter of 30-60 nm. The used raw matenials were industrial byproducts and construction materialks,
with a low level of composition control in their production and consaquently higher vanability than
other matenals commonly used for CNT synthesis. This fact may explain such heterogeneity of CNFs
and CNTs size and quality.

Figure 2. (2) Scanning elecron microscopy (SEM) image of manostructured clinker, at
hizsh magpification, of smaller diameter synthesis product: (b) SEM image of
nanostructured clinker at low magnification. Polydispersion in diameter of the product can
be obsarved: (¢) SEM image of nanostructured silica fume at high magnification. Carbon
nanotube (CNT) diameter is about 30-60 nm; (d) SEM image of nanostructured silica fume
at low magnification shows nanorubes with lower diameter dispersion.
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Figure 3. (a) Transmission electron microscopy (TEM) image of carbon nanotube (CNT)
grown on silica fume at high magnificadon. The wall structure shows high level of
imperfactons; (b) TEM image of nanostructured silica fume at low magnification. Tubular
and fibrous structures can be obsarved.

The TGA analysis (Figure 4) of nano-structured clinker revealed rwo peaks of mass loss: the lower
temperature peak (572 °C) may comespond to the thermally less stable CNFs, while the hisher
temperature peak (623 °C) may comrespond to some higher perfection level fibers or CNTSs. The total
mass Joss of the nanostructured material was 11.96%. The differential thermozram of silica fume
supported matenal (Figure 5) also showed two peaks: the higher temperatures (615 and 666 °C)
indicate CNFs and CNT: with higher level of structural perfection, as observed by Trigueiro ef ai.
[12]. The total mass loss in the case of silica fume was 55.50°%, which is siznificantly greater than for
clinker. The hizher surface area of silica fume and the relatively better control of its composition with
respect to Portland cement clinker may explain this increase. Both samples had Little mass loss below
200 °C indicating a highly pure product with low amorphous carbon content.

Figure 4. Thermogravimetric analysis (TGA) and DTGA diagrams of the nanostructured
clinker with two clearly visible mass loss peaks.
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Fizmre 5. TGA and DTGA diagrams of the nanostacrored silica fome with e mass
loss peaks.
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3.2, Mechanical Behavior

The results of the soength tests of the mortar specimens are shown in Figpure 6. Both clinker based
and szilica fime based nanostmoctured compesites had hizher compreszive and flewural strength than the
reference specimens at 28 days. Mortar specimens made with nanesouchred clinker bad 14.1% higher
flexural stremzth and 82.3% higher compressive strenzth than reference specimens at this age Thase
values were B.7% and 39.6%. respectively., for mortars made with nanostrocfured silica fome The
positive effect of the mcorporation of 10°%: silica fume on the mechanical strength of the mortars was
observed after the companson of the results of mortars REF-C and REF-5. Both compressive and
flexural strenpth of EEF-5 specimens were higher at the mvestipated ages. Silica fume was finer than
cement of ageregate; therefore its addition fills in pores present in cement mortars and concretes. At
the same time, the addition of siica faome and CWNTs'CWNFs to the morfar caused an increase in the
smengths with respect to the addition of silica fume alope. Thiz fact shows the ewistence of a
reinforcing effect of the m siw syothesized CNTs and CWFs.

Far the mortars made with nanostuchmed clinker, the flewiral strength zam at 7 days was higher
than at 28 days. The small surface curvature radivs nano-size CNTs and CNFs may act as oucleation
sites for the formaton of bydrbon produwcts—as was reported earlier [13]—and may accelerate
cement hardening. This could be the reason for the relatively smaller gain at 28 days. On the other
hand, the same phenomenon was not observed in the case of mapestructored silica fome There was no
ephancement of the 7 day flewaral strenpth; meanwhile at 28 days the nanesmuchmed specimens
showed 8.7% higher smength Silica fume addition increases water demand due to the higher surface
area they have The refinement of particle size of the morfar doe to silica fome addition may have
affected the accelerator role of CNT/CNF addition.

Smaller zain both in compressive and in flexural swength was observed for mortars confaining
silica fume supponted CWTs and CNFs than for nanestmuchmed clmker. The CWTs and CWNFs with
apparently better soucture and thus probably hizher tensile soength zrown on silica fume did not
enhance the composites” soength to the same measure as the clinker supporied enes.
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Gain in compressive sorength was m all cases hizher than i flexural strength. The addition of CHNTs
and CNFs to the mertars had rather a micre filling and bydraden catalyst effect than crack-brideing.
This can be explained by the poor dispersion and adherence of the CWTs/'CHFs in the cement matrix.

Figure 6. (a) Compressive swensth of morar specimens made with and withour
nanastractured clinker ar sibica fume at the age of 28 days: (b) Flexural strength of mortar
specimens made with and without nanostactored clmker or silica fiume at the azes of 7 and
28 days. Notes: REF-C—mortar without nanestructured matenal and without silica fume;
N5T-C—mertar made with nanostruchmed chinker; REF-5—reference mortar made with
silica fime; W5T-5—mortar made with nanestrocrured silica fume.
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4. Conclusions

CNTs and CWFs were synthesized in a CVD process on catalysts prepared with the combination of
Portland cement clinker as suppornt and cooventer dust as ron precursar. These materials possess low
purify, low conmel of composition and panticle size and low cost with respect te other commonly nssd
materials for CNT synthesis. The remalting products had a fibrous struchre with high level of defects.
Using silica fume as supp<rt, a higher carbon deposit level, and thinner and higher guality CNT and
CNF struchire was observed

The remforcing effect of thess nanostracnred materials was evaluated on cement mortar specimens.
Some improvement in both compressive and flexural smength was observed: they do oot differ from
reported vakoes obtained when usmgz high quality nanotobes. Nanostructured clinker showed a larger
Fain in mechanical srength than nanestoctured silica fome Flexural strength enhancement remained
lowrer than compressive sieneth, suggesting ather a micro filling and'or bydmtion acceleration effect
than crack-bridging.
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SUMMARY

Carbon nanotubes are a promising material to solve the low tensile strength and ductility of
Portland cement based materials. Carbon nanotubes (CNTs) and nanofibers (CNFs)
synthesized directly on cement clinker particles can also reduce production costs and help
dispersion. Mortar specimens prepared with such nanostructured material were tested to
determine tensile and compressive strength. The effects of different functionalizing agents
were compared. Test results showed some enhancement of mechanical characteristics of
Portland cement matrices made with CNT/CNF.

1. INTRODUCTION

Concrete made with Portland cement is the largest consumed construction material
worldwide. Among the reasons for this fact are the availability of the raw materials and the
excellent compressive behavior. On the other hand, tensile characteristics of cementitious
materials are poor due to their low tensile strength and brittle behavior. In reinforced concrete,
steel reinforcement bars are used to resist the tensile stresses. The distribution of cracks is
more uniform and their width is reduced when small diameter steel rebars are used.

Recent investigations showed that the poor tensile behavior of cement based materials is
partly due to macroscopic defects (pores) and partly to the innate properties of calcium
silicate hydrate (C-S-H), the main constituent of hardened cement paste.

Carbon nanotubes (CNTs) are among the highest tensile strength materials known, up to 100
times higher than that of steel, yet only one hundredth of its density. Their tubular structure is
composed of one or several graphene sheets rolled up in specific directions. The high tensile
strength is due to the bond between carbon atoms that compose the CNTs which is the
strongest link that exists. At the same time, the failure strain of CNTs can be as high as 15-
20%. The typical dimensions of CNTs are between 2 and 50 nm in diameter and up to
hundreds of microns in length, thus aspect ratios as high as 1:1,000,000 can be found.

These properties of CNTs make them a promising candidate to be incorporated in
cementitious matrices in order to achieve a novel material with tailored characteristics:
increased tensile strength and ductility. The length of CNTs is comparable to smaller cement
grains and their diameter to C-S-H crystals. This size would allow a nano-scale distribution of
tensile stresses with lower stress peaks, more crack bridging and smaller crack width at this
nano-level. Several worldwide investigations have been conducted producing and testing
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cementitious composites with CNT addition. Their results show some increase in tensile and
compressive strength, as well as in the modulus of elasticity (Li et al., 2005; Musso ef al.,
2009; Konsta-Gdoutos et al., 2010; Melo et al., 2011). In all these studies employed physical
mix of high quality CNT in cement matrices. CNTs with different types of functionalization
were used in a content between 0.025 % to 0.75 % with respect to the cement weight.

The aim of this work is to present the results of Portland cement mortars made with in situ
synthesized nanostructured clinker. The research group based at the Nanomaterials
Laboratory at the Federal University of Minas Gerais (UFMG) developed a process to
synthesize CNTs and carbon nanofibers (CNFs) directly on cement clinker particles which
can reduce production costs and make processing and dispersion easier (Ladeira ef al., 2008).
Since as-produced CNTs are highly hydrophobic, special surface treatment (functionalization)
is necessary to allow the incorporation in water based composites like Portland cement
mortar. The effects of different concrete admixtures as well as hydrogen peroxide as
functionalizing agents on the mechanical behavior of mortars are compared.

2. METHODOLOGY

CNTs and CNFs were grown directly on cement clinker in a process described by Ludvig et
al. (2011). Products were characterized by scanning electron microscopy (SEM). Mortar
specimens of 40 x 40 x 160 mm’ in size were cast using slag Portland cement, sand in equal
amounts of four fractions (0.15 mm, 030 mm, 0.60 mm and 1.2 mm), water,
plasticizer/superplasticizer and nanostrucutred clinker. Water to cement ratio was 0.4. Based
on the results of Melo ef al. (2011), the amount of CNTs and CNFs was 0.3 % with respect to
cement weight. For untreated CNTs/CNFs the plasticizer served as a non-covalent
functionalizing agent. Three different types of plasticizers/superplasticizers were employed: a
combination of sulfonated polinaphtalene and policarboxylate (PP), lignosulfonate (LS) and
sulfonated melamine (ME) based concrete admixtures. The mortar compositions are given in
Tab. 1. Flexural tensile and compressive strength of the mortar beams were determined. These
tests were performed at the age of 28 days.

Tab. 1 Mortar mix proportion

Composition CNT/CNF content b Plasticizer content
3 3 Wwic 3
(kg/m~) (kg/m~) (kg/m~)
530 : 1590° 1.59 0.4 7.95

& _ cement : fine aggregates

b_ water/cement ratio

In an attempt to achieve better functionalization of the CNTs/CNFs, and thus a better link
between nanotubes and the cement matrix, a hydrogen peroxide treatment was carried out on
the synthesis products prior to casting. Some 80 ml of #,0; was applied to 50 g of CNT-
clinker composite. The preparation was dried at 105 °C immediately after the reaction
stopped. The composition of mortars made with peroxide functionalized CNTs/CNFs was the
same as the others, including lignosulfonate plasticizer.

50

213



7th Central European Congress on Concrete Engineering 2011 Balatonfiired
TOPIC1: TAILORED PROPERTIES OF CONCRETE

3. RESULTS AND DISCUSSION

3.1 Synthesis

Typical synthesized products are shown on Fig. 1. The products had heterogeneous
dimensions and morphology when compared to high quality CNTs. The products were well-
distributed on the surface of clinker particles.

Fig. 1 SM images f NTs and CNFs g'ro on clinker under different magnifications
3.2 Mechanical behaviour

Tensile and compressive strength results of the test specimens are presented in Fig. 2.
Compressive strength of mortars with CNTs showed more enhancement than flexural tensile
strength. The mortar prepared with lignosulfonate plasticizer presented the best results, both
in flexure and in compression, with 14 % gain in tensile and a 90 % gain in compressive
strength. The addition of H,O, treated CNTs to the mortar resulted in higher compressive and
flexural tensile strengths with 33 % and 13 % gain at 28 days respectively.

Legends: PP — sulfonated polinaphtalene and policarboxylate surfactants;
LS — lignosulfonate plasticizer;
ME - sulfonated melamine plasticizer;
PO — hydrogen peroxide treated CNTs/CNFs with lignosulfonate plasticizer
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Fig. 2 Compressive and tensile strength results of mortar specimens at the age of 28 days.

Gain in compressive strength was in all cases higher than in flexural strength. The addition of
CNTs and CNFs to the mortars had a micro filling and hydration catalyst effect rather than a
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crack-bridging effect. This can be explained by the poor dispersion and adherence of the
CNTs/CNFs in the cement matrix. At the same time, the high surface area CNTs and CNFs —
if an adequate surface treatment is applied — may act as nucleating sites for cement hydration
product formation, as it was observed by Makar and Chan (2009), resulting in a more
complete hydration and thus in higher compressive strength.

4. CONCLUSIONS

CNTs and CNFs were synthesized in a CVD process on Portland cement clinker. The
resulting products had a fibrous structure with high level of defects. The reinforcing effect of
these nanostructured materials was evaluated on cement mortar specimens.CNT/CNF addition
to the mortars affected the degree and speed of hydration of cement. Some improvements in
both compressive and flexural strength were observed. Flexural strength enhancement
remained lower than compressive strength, suggesting a micro filling and/or hydration
catalizator effect rather than crack-bridging and fiber reinforcement.
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