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Cement-based materials are the most produced in civil construction due to their versatility and
durability. However, new admixtures have been widely studied and applied for better
performance, especially when it comes to curing processes. The hybrid nanocomposite
hydrogels, characterized by their hydrophilic characteristics of water absorption and release,
stand out as promising agents for internal curing in cementitious matrices. This study
proposed to analyze the physical, chemical, and morphological properties of hydrogels based
on polyacrylamide, carboxymethylcellulose, and three different concentrations of Cloisite Na*
in two different swelling media (distilled water and filtered solution of water+Portland
cement) and to evaluate the effect of applying 0.5% (wt/wtcement) Of these presoaked hydrogels
on the fresh and hardened state properties of cementitious mortars (1:2.16 and 0.40 w/c ratio).
The results showed that the hydrogels provided reductions in slump flow of up to 4.8% for
AHN20 mortars and exudation rate for the fresh state. These observations allowed us to
evaluate that the increased concentration of nanoclay in the polymer interferes directly in the
kinetic parameters of hydrogels and contributes to greater water retention, which may reflect
better hydration and reduction of pathologies. As for the results in the hardened state, it was
possible to evaluate that the type of curing of the samples was an important factor since there
were no variations in densities (2.18+0.02 g/cm3) of all samples, indicating that the hydrogels
were partially or fully swollen during the tests. Loss of mechanical strength was observed, but
at 28 days for AHN20 mortars, the results were similar to the control, which corroborates the
percentage of voids found. In this case, both mortars had a lower rate of voids when compared
to AHNO and AHN10 mortars and consequently better performances in their mechanical
properties. The concentration of nanoclay in the hydrogel controls water release, as observed
from the results of mass loss and plastic shrinkage that reduced as this concentration
increased. The SEM images allowed us to evaluate that the more uniform matrices with
higher mechanical properties, with few pores or micro-cracks. It is concluded that hybrid
hydrogel nanocomposites can be applied as internal curing agents, especially those produced
with 20% (wt/wt of CMC+AAm) nanoclay. Because its more controlled release allowed
reducing porosity, water absorption, shrinkage, and significantly acting on the mechanical
properties thus, this type of polymeric additive can be an innovative material for water control
improvements in cementitious materials technology.

Keywords: Absorbent polymer, hybrid nanocomposite, civil construction, Cloisite Na*,
internal curing.
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RESUMO

Os materiais de base cimenticia sdo os mais produzidos na construgdo civil devido a sua
versatilidade e durabilidade. Contudo, para melhores desempenhos, novos aditivos vém sendo
amplamente estudados e aplicado, principalmente ao que se refere aos processos de cura.
Destacam-se entdo o0s hidrogéis nanocompdsitos hibridos caracterizados por suas
caracteristicas hidrofilicas de absor¢éo e liberacdo de agua, como promissores agentes de cura
interna em matrizes cimenticias. Este estudo se propds analisar as propriedades fisicas,
quimicas e morfoldgicas de hidrogéis baseados em poliacrilamida, carboximetilcelulose e trés
concentracOes diferentes de Cloisita-Na* em dois meios diferentes de intumescimento (agua
destilada e solugdo filtrada da mistura de agua+cimento Portland), e avaliar o efeito da
aplicacdo de 0,5% (m/mcimento) destes hidrogéis pré-intumescido nas propriedades do estado
fresco e endurecido de argamassas cimenticias (1:2,16 e relacdo a/c=0,40). Os resultados
demonstraram que para estado fresco os hidrogeis proporcionaram reducdes no slump flow de
até 4,8% para argamassas AHN20, alem de menor taxa de exsudagdo. Estas observacdes
permitiram avaliar que o aumento da concentracdo de nanoargila no polimero interfere
diretamente nos parametros cinéticos dos hidrogéis e contribui para maior retencédo de agua, o
que pode refletir em melhor hidratacdo e reducdo de patologias. Quanto aos resultados no
estado endurecido, foi possivel avaliar que o tipo de cura das amostras interferiu nos
resultados, ja que ndo ocorreram variacfes nas densidades (2,18 + 0,02 g/cm?3) de todas as
amostras, indicando que os hidrogéis encontravam-se parcialmente ou totalmente
intumescidos durante a realizacdo dos ensaios. A perda de resisténcia mecanica foi observada,
contudo aos 28 dias para as argamassas AHNZ20 os resultados foram similares ao controle, o
que corrobora com a porcentagem de vazios encontrada. Neste caso, ambas argamassas
tiveram menor porcentagem de vazios, em relacdo as argamasssa AHNO e AHNI10, e
consequentemente melhores desempenhos em suas propriedades mecénicas. Destaca-se
também, que a concentragdo de nanoargila no hidrogel controla a liberagdo de &gua, sendo
observado a partir dos resultados de perda de massa e retracdo plastica que reduziam a medida
que esta concentracdo aumentava. As imagens de SEM permitiram avaliar que as matrizes
com maiores propriedades mecénicas sdo mais uniformes, com poucos poros ou
microfissuras. Conclui-se que o0s hidrogéis hibridos nanocompoésitos podem ser
potencialmente aplicados como agentes de cura interna, em destaque para os produzidos com
20% (massa/ massa de CMC+AAm) de nanoargila, uma vez que sua liberacdo mais
controlada permitiu reduzir aspectos como porosidade, absorcdo de &gua, retracdo e atuar
significativamente nas propriedades mecénicas. Assim, este tipo de aditivo polimérico pode
ser um material inovador no para melhorias no controle de 4gua na area da tecnologia de
materiais cimenticios.

Palavras-chaves: Polimero absorvente, nanocompdsito hibrido, construcdo civil, Cloisita
Na*, cura interna.
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1.1 OVERVIEW

Cement-based materials are defined as some products obtained from the use of a
cementitious medium [1]. These are generally characterized by the basic mixture of a
hydraulic binder with the presence or not of aggregates [2], whose chemical reactions of
setting and hardening occur in water presence [3-5].

Portland cement is widely used as a binder [6], confirmed by the high global
production of approximately 4100 Mt in 2019 [7]. Recent data showed that cement production
in Brazil was about 4.7 Mt in February 2021, representing an increase of around 14%
compared to the same period in 2020 [8]. Thus, it is important to know that cement
production is complex. It involves four main stages, such as crushing and grinding of raw
materials, homogenization of the materials (limestone, clay, iron oxides, etc.) [9] in the
correct proportions, burning the prepared mix in a rotary kiln at 1450 °C [9], and grinding
clinker together with gypsum.

Calcium sulfate or gypsum is added to the clinker in small concentrations (~5%) to
control the setting time due to the high clinker reactivity with water [8]. Elemental clinker
chemistry composition presents around 67% CaO, 22% SiOz, 5% Al203, 3% Fe203, and 3%
other compounds. Four phases are denominated calcium trisilicate or alite (CsS), calcium
disilicate or belite (C2S), tricalcium aluminate or aluminate (CsA), and tetracyclic iron or
ferrite (C4AF) are formed. They are responsible for the hardening and strength increase
because of the reaction these with water [10].

Thus, CsS and C:S silicates are important compounds for cement materials because
their contact with water is responsible for forming hydration products, such as hydrated
calcium silicate (C3SzHs) or C-S-H gel. In addition, some amounts of crystalline calcium
hydroxide Ca(OH)2 or portlandite [1], whose chemical reactions are expressed by Equations
1.1and 1.2 [6, 10]:

2(3€a0.Si0,) + 6H,0 — 3Ca0.2Si0,.3H,0 + 3Ca(OH), Equation 1.1
2(2€a0.Si0,) + 4H,0 — 3Ca0.2Si0,.3H,0 + Ca(OH), Equation 1.2

CsA presence in Portland cement contributes poorly to strength development, but it
can be beneficial in manufactured types of cement where they facilitate silica and limestone

combinations [11]. It should be noted that CsA reactions with water (Equation 1.3) are fast



and could cause a quick hardening that can be prevented with the gypsum addition to the
clinker [6].
3Ca0.Al,05 + 12H,0 + 3Ca(0H), — 3Ca0.Al,05.Ca(0OH),.12H,0 Equation 1.3

Its reaction with the gypsum results in ettringite crystals, as presented by Equation 1.4
[10].

3Ca0.Al,04 + 10H,0 + CaSO0,.12H,0 — 3Ca0.Al,05.50,.12H,0 Equation 1.4

C4AF is also present in cement in small quantities compared to the other three
compounds, and it does not significantly affect the cement-paste behavior. However, CsAF
reacts with the gypsum resulting in calcium sulfoferrite that can accelerate the hydration of
silicates [1, 11]. C4AF reactions with water (Equation 1.5) are slower concerning CsA, and

these can result in a final compound based on iron (111) oxide or hydroxide.

4Ca0.Al,05.Fe,05 + 10H,0 + 2Ca(OH), — 6Ca0.Al,05.Fe,05.12H,0 Equation 1.5

Although the chemical reactions involved in the hardening and strength gain are
complex, aspects such as easier handling, good mechanical properties, and durability,
performance satisfactory [12] of pastes, mortars, or concretes, depending on their combination
or not with aggregates [13], make Portland cement the second material most used in the civil
construction world rank [14].

Pastes, mortars, and concretes as main cement products are widely researched to
obtain materials with satisfactory properties in their fresh and hardened states [15]. The main
purpose is to develop cementitious composites to reduce pathological manifestations such as
plastic shrinkage, cracking, increased permeability and porosity, and improve their durability
and performance [16] over time. In this way, the development of new admixtures contributes
to the insertion of chemical concepts in the construction industry to produce special
cementitious materials [17] with better physical properties, such as increased setting time,
reduced water/binder ratio, porosity, and shrinkage reduction [18].

Several mitigations strategies to avoid pathologies are based on the use of admixtures.
Thus, these are most frequently applied to aid in controlling the dosage of water, once it is one

of the elements that can change the properties of cementitious materials in their fresh and



hardened states. Water control in cementitious materials is important because the hydration
degree changes the mechanical behavior since effective cement particles' hydration results in
a homogeneous microstructure [19, 20] and, consequently, a denser matrix.

In this way, hydrogels acting as a polymeric additive can contribute to the internal

hydration of cement-matrix and act as small reservoirs of slow-release water.

1.2 HYDROGELS

Hydrogels are also known as hydrophilic absorbent polymers. They are three-
dimensional (3D) cross-linked chain materials [21, 22] synthesized from synthetic, semi-
synthetic, or natural raw materials whose main function is to absorb large amounts of water or
other fluid [23] and release it later. Some authors define hydrogel as polymeric systems
capable of swelling in water and retaining a significant fraction (>20%) of water inside their
3D structure without dissolving in this medium [21, 24]. The water storage of the hydrogels
occurs from polymeric chain expansion due to the repulsion from the hydrophilic groups
present on polymeric chains such as -OH-, -NHz-, -COOH-, -CONHz-, -SOsH- [25, 26].

The interaction between chain networks and water is through capillary, osmotic, and
hydration forces causing expansion of these chains [21, 27]. Thus, when the osmotic and
hydration forces are counter-balanced with the elastic forces, the hydrogel no absorbs more
water, reaching its swelling equilibrium [28, 21]. Such equilibrium state of these absorbent
polymers determines some properties, such as internal transport, diffusion characteristic, and
mechanical strength [29].

Hydrogels can be classified from the chemical nature of their side groups, the type of
the chemical crosslinking, the type of raw material, etc. According to the side groups,
hydrogels can be neutral when the side groups have no electrical charge or ionic, when side
groups dissociate and they interact with other elements, i.e., they have positive (anion) or
positive (cation) charges [30-33]. Classification from the crosslinking process is based on the
type of three-dimensional networks established by polymer synthesis, which allows these to
be denominated chemical, physical [34], or biochemical hydrogels [35]. Chemical-type
hydrogels are characterized by chemical cross-links (covalent bonds). They can no longer be
undone [36, 37] because the covalent bonding introduces mechanical integrity and
degradation resistance to the hydrogel. While physical hydrogels are formed by physical
interactions such as van der Waals forces and hydrogen bonds, their networks can be undone

through a change in environmental conditions such as pH changes, temperature, or saline
4



solution [38, 39]. In biochemical hydrogels, biological agents like enzymes or amino acids
participate in the gelation process [35]. As mentioned, another important classification of
hydrogels is about the constituent raw material of their matrices, which can be based on
natural, semi-synthetic, or synthetic polymers. Natural hydrogels are synthesized from
biodegradable materials such as polysaccharides [40], alginate [41], cellulose and their
derivatives, pectin, gelatin, chitosan [42], etc., and they are considered as ‘ecologically-
friendly products due to their renewable and non-toxic sources [43]. All of these materials are
naturally abundant. They present satisfactory characteristics to their synthesis, such as
biocompatibility [41, 44], water-solubility, a high swelling degree that permits a wide range
of chemical structures [45]. On the other hand, this hydrogel type presents a low mechanical
resistance, but the association with synthetic raw materials during the synthesis process can
improve it [45].

Remarkably, some natural hydrogel applications are in drug delivery systems, tissue
engineering [46], and agricultural field due to their unique characteristics such as satisfactory
hydrophilic network and adsorption capacity [47], low-cost and straightforward synthesis,
non-toxicity of the final material, and easy application [48].

Synthetic hydrogels are materials commonly applied in numerous fields due to their
interesting properties, such as large water absorption capacity and reasonable strength and
cost [21]. Typically, synthetic hydrogels are obtained from raw materials like
poly(hydroxyalkyl methacrylates), polyacrylates, poly(acrylic acid), polyacrylamide, and
polymethacrylamide and its derivatives as poly(N-vinyl-2-pyrrolidone) and poly(vinyl
alcohol), among others [21]. In addition, these polymers are applied in effluents treatment
[42], as drug release systems, and medical field [49].

Sometimes, it is necessary to develop blends using natural and synthetic materials to
obtain polymeric matrices that include the properties of natural and synthetic polymers
simultaneously. First, however, it is important to understand the interaction between the two
components so that the semi-synthetic hydrogel obtained can satisfy the application needs
[50].

1.3 HYBRID HYDROGELS

Hybrid hydrogels are polymers composed of chemically, functionally, and
morphologically distinct blocks, including natural, synthetic raw materials or

nano/microstructures interconnected via physical or chemical means. In this way, the type-
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hydrogel has been developed to improve existing formulations and to expand the range of
applications [51]. Thus, this research is based on applying nanocomposite hybrid hydrogel
based on polyacrylamide (PAAm), carboxymethylcellulose polysaccharide (CMC) Cloisite
Na* nanoclay in cementitious matrices. The choice for this hybrid hydrogel was based on the
properties of each component to obtain a hybrid nanocomposite with appropriate
characteristics to be applied as an internal curing agent for cementitious materials.

Firstly, it is important to understand the contribution of each raw material used in
hydrogel formulations and its impact on the final behavior of the polymer obtained.
Hydrogels based on polyacrylamide (PAAmM) have been applied frequently in several areas
(agricultural, biomedical, pharmaceutical area) [52] due to their properties, such as high
hydrophilicity and good mechanical behavior. They are synthetized from synthetic acrylamide

(AAmM) monomer (Figure 1.1).

/ NH,

O

Figure 1.1 — Representative chemical structure of acrylamide (AAm) monomer.

Polyacrylamide hydrogels consist of a covalent polymer network and water; under
ordinary conditions, the polyacrylamide network is stable, and water is mobile into the
polymer network [53]. Because of their mechanical properties and hydrophilicity, this type-
hydrogel has been widely used as the main base in developing new types of absorbent
polymers [54].

Another interesting type of absorbent polymer widely researched is the
polysaccharide-based hydrogel due to its biocompatibility, biodegradability, high water
absorption capacity, and production from renewable raw materials [55,56].
Carboxymethylcellulose (CMC) (Figure 1.2) is a cellulose derivative [57], and its main
properties are water-soluble anionic polysaccharide, non-toxicity, biodegradability [58], and
owning its features, CMC is used in various areas such as food packaging [59], drug delivery

[60] and tissue engineering.
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Figure 1.2 — Representative chemical structure of carboxymethylcellulose.

Moreover, CMC can be obtained by reacting cellulose with sodium hydroxide [61]
and monochloroacetic acid. This procedure is necessary because cellulose is hydrophilic but
insoluble in water due to the polymeric chain more crystalline. Their derivatives such as
methylcellulose (MC), carboxymethylcellulose (CMC), hydroxypropylcellulose (HPC)
acquire high water solubility because there is a partial substitution of the hydroxyl groups
present in the cellulose chains by methyl, carboxyl, and hydroxypropyl groups, respectively,
reducing the dense packing and causing physicochemical changes compared to cellulose [62].

CMC-based hydrogels have a high degree of swelling in water due to the repulsion of
the functional carboxylate groups (COO"). However, to improve the mechanical stability of
these hydrogels, it is common to synthesize them with synthetic raw materials [63] and to add
reinforcing agents such as clay minerals.

Combining these natural and synthetic materials with mineral clay allows the
development of hybrid nanocomposites, as reported in the literature [64]. A mineral clay-type
often used in nanocomposite hydrogels synthesis is the Cloisite Na* [65-67], a type of
montmorillonite (MMT) sodium nanoclay.

Cloisite Na* nanoclay has a chemical structure compound by an octahedral alumina
sheet between two tetrahedral silica sheets [68], as shown in Figure 1.3, and it can be used
due to their excellent cation-exchange capacity, high specific surface area, functional swelling

capacity, high platelet aspect ratio, and easy surface modification [69].



0.0
Tetrahedral Silica _ S/\\ O\S//\\S 20 //\\\Si/ ~ //\\SI/
| I
et AL AN ALAL A
L oc|)0 cl) (|)
(o] 0] 0] o o}
Tetrahedral Silica _| Sl I H SIi S| H SI S| H S| S|
Sheet LHO/ \ O/ \s\// L l\\ |\ - |\\ I
o © og o B8g ©
Na+ N
Interlayer space s Na+ g Na+
(0] 0 O O
Ho 2R o 2] o 2o 2 o
Si Si Si Si Si Si Si
SN
6. oo ofo als <
AUAL AR ACAL A
0] 0} O o
NP LPLE
Pl =] NG i i i
AN A O\ e RS s
HOUBg O %d O Bg 9 g ©

— Basal spacing

— Layer 2:1

Figure 1.3 — Structure of MMT Cloisite-Na* nanoclay, adapted from Bao e?.al, 2015. [70]

During the nanocomposite synthesis, three different configurations can be obtained

concerning the dispersion of clay nanostructures into hydrogel (Figure 1.4)

: (i) Intercalated, in

which the hydrogel chains are penetrated among the clay platelets, without affecting its

structure [69, 71]; (ii) Exfoliated, when the clay platelets are completely dispersed in the
polymeric matrix [72, 73]; (iii) Intercalated-exfoliated: junction of both [74, 75]. The most

interesting dispersion to nanocomposites is the exfoliated configuration because its increases

the polymer-clay interactions.

Cloisite-Na* nanoclay

rZ
@ 1

Polymer

[ |
SR
X

Intercalated
+ Exfoliated

Exfoliated

Intercalated

ﬁ/

Figure 1.4 — Type of mineral clay dispersion in the hydrogel, adapted from Bensadoun et al.

[76]



Notably, the manner as the clay is dispersed in the hydrogel matrix can modify the
behavior of these nanocomposites. For instance, Cloisite Na* nanoclay in the polymer
demonstrated that it releases kinetics slower while its concentration increases in the polymer
matrix [77]. Thus, the nanoclay presence on the polymeric matrix provides an increase in
physical crosslinks, reducing both the amount of water released over time and the release time
of the hydrogels [78]. In addition, mineral clay, when is associated with a polysaccharide, as
carboxymethylcellulose (CMC) or others [79], can also improve the hydrophilic properties of
these systems [80].

In this way, semi-synthetic hydrogel modified with nanoclays is a technological and
innovative material for future application in construction civil, whereas their good properties
of water retention and release are very interesting to the internal curing process in cement

materials.

1.4 MOTIVATIONS AND JUSTIFICATIONS

The construction industry is an essential economic field that continues to grow
worldwide due to housing shortages and population growth [81]. This expansion allows new
materials to be developed to improve aspects such as durability and building performance.

Noteworthy is the high consumption of cement in pastes, mortars, and concretes since
these are materials present good mechanical properties and easy handling and application. In
this aspect, mortars as heterogeneous composite materials [82] can have multiple applications,
either as a binding material for sealing elements (blocks, bricks, and stones) or as surface
coatings and ceramic tile bases [83].

However, this cementitious composite has some characteristics that compromise its
mechanical performance, such as low resistance to cracking, small deformation, and low
flexural strength compared to compressive strength [84]. Some mortars can present porous
microstructure, facilitating the transport of water inside and thus cause chemical damage to
the structure due to the transport of some ions [82]. Thus, new materials have been developed
and applied to improve the physical and mechanical properties and therefore ensure the
reduction of pathologies of these cementitious materials [16].

One of the strategies to overcome these disadvantages is applying chemical additives
as an integral part of the dosages of these materials [12]. Because one of its advantages lies in

the fact that its use can alter the water/binder ratio without modifying the dosage of the other



constituent materials to improve the mechanical properties and maintain its workability [18,
85].

The purpose of developing and applying an auxiliary alternative to the traditional
curing procedures of cementitious materials, commonly performed externally, through the
application of coatings or wet curing by immersion [20] is one of the justifications for
applying this type of hydrogel in cementitious matrices. Furthermore, the application of
hydrogels as a component of cementitious materials is a way to ensure that part of the dosage
water is stored in its polymeric matrix to be later released, besides increasing the internal
moisture and assisting in the hydration of cement particles.

Several studies [25, 85, 86] in the literature indicate the application of commercial
superabsorbent polymers (SAP) in cementitious matrices. The innovation of this thesis is in
developing a semi-synthetic hybrid nanocomposite based on a polysaccharide and a mineral
clay with hydrophilic, biodegradable, and mechanical characteristics suitable for more
controlled release kinetics [86].

The application of polysaccharides like carboxymethylcellulose (CMC) is a good
option for the preparation of hydrogels because it has ionizable carboxylic groups in its
chemical structure, increasing the hydrophilicity [47] of the polyacrylamide (PAAmM)-based
nanocomposite.

Clay minerals in nano and micro scale are commonly present in the constitution of
nanocomposites because they provide high thermal stability, good gas barrier properties [87],
good mechanical resistance, high degree of swelling, and adsorption capacity [47]. Thus,
these nanoclays can improve the water release process [87] inside the cement matrix due to its
improvements in the hydrogel's hydrophilic properties [88].

The motivation for this study is because the semi-synthetic hydrogels based on PAAm,
CMC, and Cloisite Na™ nanoclay may present similar or better behaviors to commercial
synthetics when applied in cementitious matrices, which make these polymers technology
attractive to the construction industry, as smarties internal curing agents. For this, the analysis
of the behavior in the fresh and hardened states of mortars produced with these hybrid
nanocomposite hydrogels was performed and discussed in detail in this thesis.

As hydrogels can absorb and release water as an internal curing agent, this can lead to
the swelling of the polymer particles, which causes changes in the porous structure of the
cementitious materials, affecting their properties in the hardened state. In this sense, the

synthesis of the hybrid nanocomposite hydrogel took into account three different
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concentrations of Cloisite Na* nanoclay to verify the influence of this component in the
process of water release by the polymer in aspects such as hydration of the cement and the
changes of the mechanical properties of the mortar.

Thus, the guarantee that cementitious composites can have good physical and
mechanical properties throughout their useful life, such as improvements in water retention
[89], modifications in workability [16], reduction of shrinkage and cracking by water
evaporation [90] from adequate hydration of the cement particles, assumes that it is necessary
to establish greater control over the availability of water in the cement matrix [91], and this

condition can be remedied with the application of a controlled release absorbent polymer.

1.5 OBJECTIVES

The general objective of this study was to evaluate the effect of the application of
hybrid nanocomposites based on hydrogel and Cloisite Na* nanoclay on the properties of
cementitious mortars in fresh and hardened states. For this, the following specific objectives

were proposed:

v To analyze the physical, chemical, and morphological properties of hybrid hydrogels
containing different concentrations of Cloisite Na* nanoclay, having two different
swelling media, i.e., distilled water or in solution from the filtrate of the water+cement
mixture.

v" To develop cement mortars (dosage 1:2.16 and wi/c ratio = 0.40) based on cement,
sand, water, and 0.50% (wt/wt concerning cement) of the pre-soaked hydrogels their
hybrid nanocomposites. Remarkably, 4 different systems have been used: - reference
system or only cement mortar; - mortars containing different concentrations of
Cloisite Na* nanoclay (0, 10 and 20% wt/wt acrylamide + CMC) in their polymeric
matrices;

v' To determine the effect of the different types of hydrogels, in the proposed systems,
on the physical, mechanical and structural properties of the mortars, in their fresh
(workability, density, incorporated air, water retention, exudation index) and hardened
state (strength compressive, tensile and flexural, bulk density, dynamic and estatic
elastic moduli, voids, capillarity index, water absorption, loss, and mass variation);

v To verify the effect of hydrogels, as potential agents of internal cure, in the control of

plastic shrinkage and morphology (SEM) of the microstructure of the cement matrix.
11



1.6 THESIS STRUCTURE

For a better presentation and discussion of the results, this thesis was structured into 7

chapters:

CHAPTER 1: Overview of the main concepts of the thesis, besides the presentation of

justifications and proposed objectives.

CHAPTER 2: Material and methodology for hydrogel synthesis and mortar productions.

CHAPTER 3: Main definitions and analyses about water absorption behavior, Kinetic
properties, and structural characterizations of polymer hydrogels containing Cloisite Na*
nanoclay, using distilled water and solution filtered of Portland cement + water as swelling

media, will be presented.

CHAPTER 4: At this moment, the properties in the fresh state of cement mortars produced
with the addition of hybrid nanocomposites based on hydrogel and nanoclay will be analyzed.
The results obtained for the physical properties of workability, the density of the mortar in the

fresh state, incorporated air, water retention, and exudation index will also be discussed.

CHAPTER 5: This chapter will present the mechanical properties of cementitious mortars
cured internally with hybrid nanocomposites based on hydrogel and nanoclay. The approach
is based on discussing the results obtained for the properties of compressive strength, tensile

and flexural, density in the hardened state, dynamic and elastic moduli.

CHAPTER 6: The effect of applying hybrid nanocomposites based on hydrogel and
nanoclay will be presented as a potential application for shrinkage reduction, water absorption
in cementitious materials, and its effect on capillarity properties, water absorption by

immersion, mass loss and variation, and scanning electron microscopy (SEM);

CHAPTER 7: Finally, the most relevant final considerations on the application of these
hydrogels as internal curing agents of cementitious mortars and their effect on the properties

of the fresh and hardened states will be exposed in this chapter.
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FINAL CONSIDERATIONS
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7.1 FINAL CONSIDERATIONS

Hybrid hydrogel nanocomposites based on polyacrylamide, carboxymethylcellulose,
and different Cloisite Na* concentrations (0%, 10%, and 20% wt/ wt of acrylamide+CMC)
were successfully reproduced in their synthesis.

From FTIR and SEM techniques, it was possible to observe that the nanoclay was
incorporated into the polymeric matrix and to verify some modifications in the hydrogel
microstructure when swollen solution from the filtrate of the water+cement mixture. Some
hydration products resulting from cement hydration were found impregnated on the hydrogel
surfaces. The presence of groups of CO3% confirmed them and SO4? related to carbonatation
and ettringite formation. XRD patterns also indicated the presence of these products in
hydrogels swollen in solution from the filtrate of the water+cement mixture

Notably, XRD patterns indicated that the amorphous character of the hydrogel in the
nanocomposites was discrete. In addition, the basal spacing of the nanoclay peak in the
polymeric matrices was not observed, indicating that its platelets are probably exfoliated in
the hydrogel chains when these hydrogels are swelled in a filtrated solution of water+Portland
mixture. That confirms a satisfactory interaction between organic and inorganic compounds
during the synthesis process.

The results also showed that the presence of Cloisite Na* interferes directly with the
absorption mechanism in both swelling media. Thus, comparing the hydrogels swollen in
distilled water, the nanocomposites, when placed in water and cement solution, presented an
increase of 22.02, 10.03, and 20.46% in the degree of swelling of the hydrogel with 0, 10, and
20% Cloisite Na* concentrations respectively. This improvement can be related to the
solvation process where some cement solution ions can associate with water molecules
provoking an expansion of the hydrogels chain.

The physicochemical characterization of the hydrogels contributed to the development
of the dosages used in this study. From the understanding of the swelling degree, it was
possible to optimize the amount of water to maintain the wi/c ratio constant. Moreover, the
release kinetics also contributed to understanding their effect on the physical and mechanical
properties of the mortars studied. For instance, the increase in the concentration of nanoclay
into hydrogel caused greater water retention by the polymer, reflecting significant reductions
in exudation and slump flow, corroborating the results of increased water retention of mortars

in the fresh state.
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Although these changes directly affect the workability of mortars, which could be
solved with plasticizer admixtures, the water retention and release of water somewhat
controlled by the polymer is satisfactory for maintaining the internal humidity of the cement
matrix. This is very interesting for plastic shrinkage reduction, reduction of voids, and
improvements in mechanical properties at later ages. In this sense, it was observed that the
mortar produced with the highest nanoclay content (AHN20) was the one that presented the
best performance concerning the others tested. These same mortars also showed mechanical
strengths statistically similar to the control (ACTR), even under wet curing conditions that
possibly kept the hydrogels swollen until the test was performed. This is a positive indication
that the concentration of nanoclay in the polymeric matrix acts as a reinforcing agent,
minimizing the effects of strength loss since presoaked hydrogels are low-strength inclusions
in the mortar mixture.

The amount and percentage of voids in the AHN20 mortar were also statistically
similar to the control, reflecting improved or similar mechanical properties to the reference. It
can also verify similar behavior in the mass loss and plastic shrinkage properties. The greater
water retention by the hydrogel represents a lower shrinkage by the mortar, corroborating
with water retention and exudation results. This is a good indication that the nanoclay
concentration indeed contributes to a more controlled release of water by the hydrogel.

In summary, from the results, it was possible to conclude that hybrid nanocomposite
hydrogels have great applicability in the civil industry, especially as internal curing agents.
This may bring benefits related to more effective curing procedures, improvements in cement
hydration processes, and consequently increasing the performance and durability of these

materials.

7.2 FUTURE PERSPECTIVES

To further contribute to the understanding of the study, the following future perspectives
are presented:
v" To synthesize, characterization, and application of hybrid nanocomposite hydrogels
with natural clays. In addition, to use other reinforcement elements (ashes, fibers) to
synthesize hydrogels and evaluate their effects on their hydrophilic properties.
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v To evaluate the absorption and release kinetics of the hydrogels when applied in dry
and swollen states into cementitious materials. In addition to understanding the
internal hydration mechanisms carried out.

v To analyze the microstructure of cementitious materials using other techniques such as
microtomography, permeability, porosity, among others.

v' To evaluate the contribution of these hydrogels in the freeze-thaw properties

v" To verify aspects of degradation and cycles of absorption and release over time within

cementitious matrices.

7.3 IMPACTS AND ECONOMIC, SOCIAL RELEVANCE

This study showed that the hybrid nanocomposite hydrogel in construction could
contribute considerably to the economic aspects. This type-material can reduce water
consumption during cementitious matrices because the traditional curing process requires a
large amount of water during the hardening stage. Another factor is the characteristics of the
materials produced with these nanocomposites. The constructions can have improved
durability and performance, extending their useful life since pathologies related to shrinkage
can be minimized with their application.

The environmental relevance is based on the use of more biodegradable raw materials
in the production of hydrogels, such as polysaccharides in their matrix. In this sense, we also
highlight reducing water waste during the curing process since a small amount of polymer
applied can ensure the necessary moisture to cure the cementitious material internally.
Another aspect is the durability that also reflects on the environmental aspect in better
performance of buildings because by extending its life, there is a lower generation of
construction waste.

The social relevance is in disseminating and popularizing scientific studies since the
application of new materials such as hydrogels in the construction industry. Additionally,
improving traditional procedures by facilitating their execution can lead to the dissemination
of new concepts to society, highlighting the importance of research and science to improve
existing procedures. Therefore, the material developed and applied in this work has notable

environmental, social, and economic relevance as a consequence.
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