The Development of Sustainable Internal
Curing Agents Using Natural Hollow Fibres

uOttawa

By

Amirmohammad Sabziparvar

Thesis submitted to the University of Ottawa
In Partial Fulfillment of the Requirements for degree of

Doctor of Philosophy in Civil Engineering

Department of Civil Engineering
Faculty of Engineering

University of Ottawa

© Amirmohammad Sabziparvar, Ottawa, Canada, 2024



This thesis is dedicated to the pillars of my life:

my parents, my loving wife, and my sisters.



Declaration

| hereby declare that, except where explicitly referenced, the content of this thesis is original and
has not been submitted, either in whole or in part, for any other degree or qualification at this or
any other university. This thesis is my own work and includes no collaborative contributions,

except as indicated in the text and acknowledgements.

Amirmohammad Sabziparvar

May 2024



Acknowledgements

First and foremost, | want to express my profound gratitude to God for granting me the strength to
complete my Ph.D. in Civil Engineering at the University of Ottawa, despite the challenges posed
by the COVID-19 pandemic.

| am deeply thankful to my supervisor, Dr. Reza Foruzanmehr, for his invaluable guidance and
unwavering support throughout my doctoral journey. | appreciate the opportunity to work in a
collaborative environment in several labs at both the University of Ottawa and the University of
Sherbrooke. | would like to thank Professors Majid Sartaj, Marc A. Dubé, and Mathieu Robert for
their generosity in providing me the opportunity to conduct part of my research in their
laboratories. |1 would like to extend my sincere gratitude to my defence committee, Professors
Beatriz Martin-Perez, Leandro Sanchez, Mamadou Fall, and Ousmane Hisseine for their
invaluable insights and feedback. Their contributions significantly enhanced the quality of this
work. | would also like to thank the lab technical officers Dr. Gamal Elnabelsy and Dr. Muslim
Majeed for their continuous support in the lab. Additionally, I want to express my heartfelt thanks
to my colleagues at the University of Ottawa and the University of Sherbrooke for their assistance
and friendship.

| owe a special debt of gratitude to my family, especially my dear parents, Ali and Zahra, for their
unconditional support and sacrifices from thousands of kilometers away throughout these years. |
can never fully repay you for all that you have done for me. A special thanks to my wife, Solmaz,
for her unwavering belief in my abilities from the very beginning of this journey. It is an honor to
have you in my life. Lastly, | want to acknowledge Prof. Asghar Habibnejad Korayem, my

undergraduate supervisor, whose mentorship ignited my passion for research and teaching.



Abstract

The incorporation of superabsorbent materials as internal curing agents has demonstrated
effectiveness in mitigating self-desiccation and early-age cracking in cement mixes characterized
by low water-to-binder ratios (w/b). However, concerns related to sustainability, availability, and
cost have emerged, primarily due to the petroleum-based nature of common superabsorbent
polymers (SAP). This PhD research aims to investigate the use of locally available milkweed
(MW) fibres, which possess a unique hollow structure, as internal curing agents for low-w/b
Portland cement mixes. The study focused on examining the impact of different pre-treatment
methods on the morphology, chemical composition, and hygroscopic characteristics of MW fibres
in the initial phase. Two pre-treatment methods, namely hydrothermal treatment (HT), and hybrid
treatment (HY), a combination of hydrothermal treatment with alkaline treatment, were explored.
Findings from the first phase indicated that both HT and HY treatments effectively enhanced the
water absorption capacity of MW fibres. However, water retention was influenced by the
morphology of the fibres. The HT treatment preserved the hollow structure of the fibres, leading
to improved water retention, whereas the HY treatment caused significant morphological changes,
resulting in a noticeable reduction in water retention. In the second phase of the study, the impact
of pre-treated MW fibres on the effective w/b of cement mixes was assessed through rheological
measurements. In addition, the influence of MW fibres on the heat of hydration and hydration
products was investigated. The introduction of MW fibres to Portland cement paste induced a shift
in their effective w/b to lower values, attributed to the absorption action of MW fibres during the
pre-saturation process. Furthermore, using 0.1% wt. pre-treated MW fibres resulted in a 17%
improvement in the degree of hydration compared to the reference sample. This was accomplished

by ensuring an adequate amount of free water for the initial reaction of cement hydration and



entrained water in the lumen for subsequent internal curing. In the third phase, the study
investigated the kinetics of water transport from MW fibres to cementitious paste systems, using
Nuclear Magnetic Resonance (NMR) and Differential Scanning Calorimetry (DSC). The
observations revealed that both the morphological features and the release of extractives such as
lignin impact the desorption kinetics of MW fibres’ entrained water within cementitious matrices.
The HT-MW fibres, with their preserved hollow morphology and enhanced hydrophilicity,
exhibited the most effective performance, showing the highest amount of available internal curing
water in the transverse relaxation time (T2) measurements. In contrast, the absence of lignin in the
HY-MW fibres allowed hydration products to migrate into their lumen. This led to the early
consumption of the entrained water, a process further exacerbated by the holes and defects in the
fibre walls. The shrinkage, mechanical strength, and microstructural development of cementitious
mixes after incorporating pre-treated MW fibres were examined in the final phase. The internal
curing role of the pre-treated MW fibres proved effective in reducing autogenous shrinkage, with
significant reductions of up to 28% for 7 days compared to the plain samples. In addition, hydration
products were observed to penetrate the lumen of the HY-MW fibres to a depth of up to 150
micrometres. This penetration exacerbated drying shrinkage by facilitating moisture transport to
the unsaturated environment. Consequently, this phenomenon led to higher chance of cracking and
also lower flexural strength in HY-MW fibres compared to HT- and N-MW fibres. The
comprehensive analysis and findings of this PhD research supported the feasibility of using MW
fibres as a sustainable internal curing agents to effectively reduce autogenous shrinkage after
applying straightforward, cost-effective, and low-carbon footprint pre-treatment methods.

Keywords: Milkweed Fibres; Internal Curing; Superabsorbent; Hygroscopic Properties;

Autogenous Shrinkage; Cement Hydration; Nuclear Magnetic Resonance (NMR) relaxometry.
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Chapter 1 Introduction
1.1 Background

Although self-desiccation may exhibit advantageous characteristics in specific applications
such as cemented paste backfill [1,2], it poses a significant challenge that can compromise the
performance of cement mixes with low water-to-binder ratios (w/b), typically below 0.40 [3].
The phenomenon of self-desiccation refers to the reduction in internal relative humidity due to
the partial desaturation of capillary pores within a hydrating cement paste. This process leads
to the formation of water menisci within the capillary pores [4]. Consequently, due to surface
tension, negative pressure (capillary pressure) builds up within the interconnected capillary
pores. As capillary pressure increases over time, tensile forces exerted on the solid particles
result in a reduction in the volume of the cementitious material [5]. This susceptibility to
shrinkage makes cementitious materials with a low w/b prone to early-age cracking. Therefore,
addressing the issue of self-desiccation is imperative for optimizing the potential properties of
low w/b cementitious materials, such as their high mechanical performance and durability [6].
Internal curing has emerged as a prominent and efficient strategy in addressing self-desiccation
in low w/b mixes. It stands out as one of the most effective methods for mitigating early-age
cracking, leading to improved performance of low w/b cementitious materials [7—10]. The
technique involves the application of internal curing agents such as superabsorbent polymers
(SAP) to maintain the internal humidity beyond the self-desiccation threshold of the
cementitious pastes [11-13]. SAP have a hydrophilic nature that allows them to absorb and
retain water up to several hundred times of their dry weight [14,15]. Indeed, SAP can act as
small water reservoirs that are spatially dispersed throughout the cementitious matrix, allowing

them to cure anhydrous cement particles internally. In other words, once the moisture content



within the cement mixes falls below a specific threshold, SAP initiate the release of their
entrained water to promote the hydration of cement particles. As a result, they have the potential
to mitigate the self-desiccation shrinkage in low w/b cementitious matrices including high-
performance concrete (HPC) mixes [16,17]. However, because SAP are petroleum-based
compounds made from non-renewable materials (e.g., polyacrylate) they increase the matrices'
carbon footprint [18]. It is crucial to emphasize, as illustrated by Bentz et al., that internal curing
agents have exhibited efficacy beyond HPC applications. They have proven effective in various
scenarios within cement-based materials, including their application in repair materials essential
for the restoration of concrete structures [19]. Hence, researchers have been investigating the
development of more sustainable alternatives for SAP.

Over the past decade, there has been a surge in interest regarding the use of lignocellulosic
materials, especially natural fibres, for internal curing applications. These materials, which
include bast fibres [20], leaf fibres [21], and wood fibres [22,23], are being increasingly
investigated as sustainable alternatives for SAP. One example of using lignocellulosic materials
as internal curing agents is demonstrated by Lee et al., who showed that by incorporating 2%
weight of abaca fibres in plain cementitious mixes with a w/b of 0.30, the autogenous shrinkage
was reduced by approximately 93% after 192 hours [21]. The adoption of lignocellulosic
materials for internal curing relies on their excellent hygroscopic properties and strong affinity
for water. This is attributed to components like cellulose and hemicellulose within the structure
of lignocellulosic materials, which are inherently hydrophilic and serve as absorption sites for
water molecules. Unlike synthetic counterparts like SAP, natural fibres are globally abundant,
often at low or no cost. Consequently, this renewable resource offers a sustainable solution for

construction materials, helping mitigate the construction industry's environmental impact.



Compared to other natural fibres, seed fibres, particularly those extracted from the Milkweed
(MW) plant, have received less attention in research. MW fibres, characterized by their white,
silky texture, are extracted from the seeds of the MW plant, primarily indigenous to North
America. However, the presence of MW plants extends beyond North America; they are also
found in countries such as China and Iran, where they are known as Akund and Estabragh,
respectively. This plant thrives in a wide range of soil conditions and commonly inhabits
roadside areas, fields, meadows, and wastelands [24]. MW floss fibres stand out due to their
unique hollow structure, which distinguishes them from other types of natural fibres [25]. This
structure comprises an exceptionally wide lumen and a thin wall, with the lumen accounting for
up to 77% of the fibre volume and the wall measuring approximately 1.3um in thickness
[26,27]. Such architecture promises a notable water absorption capacity, primarily driven by
capillary action. MW fibres consist of cellulose, hemicellulose, and lignin, along with trace
amounts of waxes, pectin, and sugars. While cellulose and hemicellulose exhibit hydrophilic
characteristics, serving as absorption sites for water molecules, other components like lignin
and waxes are hydrophobic. Consequently, MW fibres can be categorized as amphiphilic
materials capable of displaying both hydrophilic and hydrophobic properties. This dual nature
may explain why previous studies have observed only moderate water absorption in as-received
MW fibres due to the presence of certain hydrophobic components within the fibre structure
[26,28]. Therefore, this study aims to enhance the hygroscopic properties of MW fibres through
two distinct methods that exhibit cost-effectiveness and environmental friendliness. By
leveraging the unique morphology of these fibres, the primary goal is to transform MW fibres
into sustainable water reservoirs for internal curing of low w/b cementitious mixes to address

their self-desiccation issue.



Despite their good hygroscopic behaviour, the compatibility of natural fibres with cementitious
matrices may limit their potential as internal curing agents. The alkaline environment of
cementitious matrices can lead to the degradation of lignocellulosic materials, resulting in the
release of leachates. Consequently, these leachates may impact the fresh and hardened
properties of cementitious mixes. Several approaches have been explored to enhance the
compatibility of lignocellulosic materials with cementitious matrices. The primary and most
widespread method involves extracting leachates from natural fibres through chemical or
hydrothermal pre-treatment. Another strategy involves reducing the pH of the cement pore
solution by incorporating pozzolanic materials to alleviate the degradation of natural fibres [29—
31]. Among the pre-treatment methods, alkaline and hydrothermal pre-treatments can be named
as the most common methods to improve the compatibility of lignocellulosic fibres with
cementitious matrices due to their straightforward implementation at relatively low cost.
Despite extensive research on using alkali-treated lignocellulosic fibres within cementitious
matrices, there remains a knowledge gap regarding the impacts of other types of pre-treatments
such as hydrothermal treatment and the hybrid treatment, which combines both hydrothermal
and alkaline treatments. This knowledge gap highlights the need for further investigation to
fully comprehend the implications of these treatments, particularly with the main goal of using

these fibres as internal curing agents in low w/b cementitious mixes.

1.2 Knowledge Gaps
This section presents a brief overview of the knowledge gaps that motivated this study. These

gaps were identified through an extensive review of the existing literature, as presented in

Chapter 2.



1. There has been a notable lack of research on the hygroscopic properties of hollow floss
fibres including MW fibres, and the potential to enhance these properties through pre-
treatment techniques.

2. Understanding the internal curing impact of bio-based hollow floss fibres on the fresh
and hardened properties of cementitious mixes remains incomplete.

3. A limited number of studies have systematically examined how pre-treatment
techniques control the optimal removal of extractives (such as lignin, hemicellulose,
waxes, and pectin) from hollow floss fibres and influence their internal curing
efficiency.

4. There is a lack of research on examining the effective percentage of the hollow floss
fibres (e.g., MW fibres) to mitigate autogenous shrinkage in low w/b cementitious
mixes.

5. There have been very few studies investigating the kinetics of water transport between
natural lignocellulosic fibres and cementitious matrices and notably no previous study

has specifically studied the behaviour of MW fibres within this context.

1.3 Research Objectives

This doctoral research aimed to develop environmentally sustainable internal curing agents for

Portland cement (PC) mixtures with low w/b, using MW fibres. To fulfill this primary objective,
the following secondary objectives were pursued:

1. The first objective was to investigate the impact of different pre-treatment techniques

on the hygroscopic characteristics, morphology, and chemical composition of MW

fibres. This objective served as a crucial foundation for subsequent steps of the study for

two key reasons. Firstly, comprehending the absorption and desorption characteristics



of pre-treated MW fibres is pivotal as it directly influences the w/b, subsequently
impacting the fresh and hardened properties of cement mixes in the later stages of this
study. Secondly, certain chemical components of fibres are removed during pre-
treatments which may potentially lead to changes in fibre morphology. Therefore,
understanding these morphological and chemical changes after the treatment of MW
fibres is crucial for interpreting their contributions to internal curing within cement
matrices.

. The second objective aimed to study the effect of different dosages of pre-treated MW
fibres on the effective w/b and hydration properties of cementitious mixes. The former
is of great importance as it enables accurate comparisons of samples with identical
effective water-to-binder ratios. In addition, since the literature suggests that
lignocellulosic fibres may release leachates when incorporated into cementitious
matrices, this study aimed to examine the influence of different MW fibre dosages on
the early-age hydration characteristics of cementitious mixes. The goal was to clarify
both the potential negative effects of leachates and the positive effects of enhanced
hydration due to internal curing.

In the third objective of this research, the kinetics of water transport between MW fibres
and the cementitious paste system was studied. This objective was essential for
monitoring the actual desorption behaviour of MW fibres within the cementitious
system. Moreover, it facilitated the study of the evolution of various types of water
within the porous structure of cementitious paste as a consequence of internal curing by
MW fibres. This objective complements our understanding of how MW fibres can

potentially reduce autogenous shrinkage in low w/b cementitious mixes.



4. The final (i.e., fourth) objective of the study focused on investigating the microstructural
evolution and shrinkage control in internally cured mortars using pre-treated MW fibres.
The primary objective was to determine the most effective pre-treatment on the MW
fibres aimed at reducing autogenous shrinkage in cementitious mixes. Furthermore,
within this objective, the study investigated how different pre-treated MW fibres
influence microstructural development and key mechanical properties of cementitious

mixes.

1.4 Hypothesis

The formulation of the research hypothesis was guided by the insight obtained from the
comprehensive literature review presented in Chapter 2. Based on this review, the following
hypotheses were made:

1. Previous studies have demonstrated that MW fibres possess an extremely wide lumen
and contain hydrophilic groups, such as hydroxyls, within their structure. These inherent
characteristics would make MW fibres highly suitable for sustainable applications as
superabsorbent, particularly when employed as internal curing agents in mixes with low
w/b mixes [26,27].

2. MW fibres, like other lignocellulosic fibres, are composed of cellulose, hemicellulose,
and lignin. However, other components such as waxes, pectin, and sugars are also
present in small amounts (<5%) in MW fibres [25]. While some of these components
are hydrophilic and can act as absorption sites for water molecules (mainly cellulose and
hemicellulose), others, like waxes and lignin, are hydrophobic. As a result, MW fibres

are classified as an amphiphilic material that exhibit both hydrophilic and hydrophobic



properties. It would be expected that applying certain pre-treatments could remove
hydrophobic components from MW fibres, boosting their hygroscopic properties.

3. The presence of some components present in MW fibres would negatively impact the
hydration of cementitious environment. Hence, applying simple and low-cost pre-
treatments could improve the compatibility of MW fibres by removing those inhibitory
substances to be used as internal curing agents in low w/b mixes.

4. 1t would be expected that MW fibres would have a significant impact on improving the
degree of hydration by gradually delivering their adsorbed water to the anhydrous
cement particles when the internal humidity of cement mixes dropped below the
desiccation threshold. As a result, the risk of autogenous shrinkage in low w/b mixes
would be expected to decrease by using pre-treated MW fibres.

5. Both the physical structure and chemical composition of MW fibres could impact the
Kinetics of water transport between the fibres and the cementitious system, as well as

the development of microstructure.
1.5 Research Novelty and Contribution

There are several points of novelty in this research, which can be classified into fundamental
novelty, novelty in application and novelty in characterization.

a) Fundamental novelty: Firstly, the hygroscopic properties of hollow MW floss fibres
and the potential for enhancing these properties through pre-treatment techniques have
not been thoroughly studied. This research investigated the effect of different pre-
treatment methods on the morphology, chemical composition, and hygroscopic
characteristics of MW fibres. It aimed to develop a comprehensive understanding of

how pre-treatment can augment the water absorption capacity and water release rate of



MW fibres, thereby enhancing their suitability as internal curing agents. Secondly, the
underlying mechanisms by which each component of bio-based internal curing agents
influences fresh and hardened properties of cementitious mixes remain inadequately
understood. This study aimed to investigate how each of these components, such as
hemicellulose, lignin, and waxes, could impact the internal curing and properties of
cementitious mixes.

b) Novelty in application: No previous studies have investigated the potential for
improved performance of low w/b Portland cement mixes using MW fibres as internal
curing agents. This research explored the use of MW fibres as internal curing agents,
intending to mitigate autogenous shrinkage and enhance the hydration of Portland
cement mixes. Furthermore, this research investigated the impact of different pre-treated
MW fibres on the rheology, hydration, shrinkage, and mechanical strength of
cementitious mixes.

c) Novelty in characterization: In addition to the novel research objectives, the proposed
study also employed innovative characterization techniques, introducing a new method
for measuring the hygroscopic properties of MW fibres. Furthermore, the research
proposed a novel indirect approach for determining the effective w/b through
rheological measurements.

By addressing these knowledge gaps, this research contributed to the development of
environmentally sustainable internal curing agents for Portland cement mixtures with low w/b,

using MW fibres.



1.6 Thesis Outline

As shown in Figure 1.1, the thesis manuscript is structured into eight chapters, with Chapters 3
to 6 presented in the format of technical papers. The content of these chapters is in the following
manner:

Chapter One, Introduction, provides an overview of background of this study, knowledge gaps,
research objectives, and research novelty and contribution. Chapter Two presents an extensive
literature review about the importance of internal curing in low w/b mixes, conventional curing
agents in cementitious mixes, natural fibres as internal curing agents, compatibility of natural
lignocellulosic fibres with cementitious environment, and their effect on the properties of
cementitious mixes. Chapter Three (Technical Paper 1), Effect of Fibre Length and
Treatments on the Hygroscopic Properties of Milkweed Fibres for Superabsorbent Applications.
The primary objective of this chapter is to investigate the key factors influencing the
hygroscopic properties of MW fibres, with a specific focus on quantifying their water absorption
capacity and water retention. These measurements were crucial for advancing to the subsequent
phases of the study. Chapter Four (Technical Paper 2), Enhancing Hydration and Internal
Curing in Cementitious Mixes: The Impact of Pre-Treated Milkweed Fibres. The primary
emphasis of this chapter is to comprehend the influence of MW fibres on both the effective w/b
and hydration kinetics of cementitious mixes. The investigation extended to examine the effect
of different pre-treatment types and varying dosage of MW fibres within cementitious mixes.
Chapter Five (Technical Paper 3), Investigation on the Kinetics of Water Transport by
Milkweed Fibres During Internal Curing of Cementitious Paste. This chapter concentrates on
assessing internal curing efficacy of different pre-treated MW fibre concerning their ability to

supply water to the cementitious system during the cement hydration process. Chapter Six
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(Technical Paper 4), Investigation on the Microstructural Evolution and Shrinkage Control in

Internally Cured Mortars with Milkweed Fibres. The primary focus of this chapter is on

assessing the effectiveness of MW fibres in mitigating autogenous shrinkage in mortar mixes.

The chapter conducts a thorough examination of how MW fibres influence the microstructure

of cementitious mixes in which they are incorporated. Additionally, it evaluates the impact of

MW fibres on the mechanical properties of mortar mixes. In Chapter Seven, Synthesis,

Integration and General Discussion of Results, a general discussion of the findings is presented.

Chapter Eight, Conclusions and Future Works, summarizes the main conclusions and offers

potential recommendations for future research endeavors.
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Chapter 2 Theoretical and Technical Background

The literature review commences by providing an overview of conventional internal curing
agents, such as pre-wetted lightweight aggregate (LWA) and superabsorbent polymer (SAP),
along with a comprehensive analysis of the factors that influence their efficiency in this role.
Subsequently, the literature review investigates into the crucial characteristics of lignocellulosic
fibres and their compatibility with cementitious environments, offering insight into their
potential as internal curing agents. Furthermore, the literature review aims to provide a
comprehensive overview of MW fibres, establishing a solid foundation for understanding their
hygroscopic properties. The primary focus of this survey is to assess the potential of MW fibres

in providing an internal curing effect in cementitious mixes.
2.1 Low w/b Mixes

The use of low w/b cementitious mixes has increased to enhance durability and mechanical
performance of structural concrete elements, particularly in high-rise buildings, bridge decks,
and offshore structures [32]. The increased strength and durability in low w/b mixes can be
attributed to the reduced porosity present in these cementitious materials as opposed to the
conventional ones. However, they have been shown to be more susceptible to early-age cracking
in comparison with conventional concretes [33]. Self-desiccation caused by the inadequacy of
traditional curing methods is one factor that causes early-age cracking in low w/b mixes [34].

Conventional curing methods may not always effectively provide the amount of water required
for complete hydration of cement. First, as stated by Powers et al., depercolation of capillary
pores by hydration products significantly limits the accessibility of external curing water to the
anhydrous cement particles, resulting in incomplete hydration of some zones in the concrete for

mixes with a w/b of 0.42 or less [35]. Secondly, when there is a lack of additional water supply
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during the hydration process, the cementitious material undergoes an internal drying
mechanism. This self-desiccation process causes the capillary pores to empty, leading to the
creation of water menisci within the capillary pores. These water menisci generate tension
within the pore water and the surface of the cementitious material [36,37]. As a result, the
cement matrix experiences shrinkage, rendering it susceptible to early-age cracking.
Consequently, cementitious mixes with low w/b are prone to the development of shrinkage
cracking. Figure 2.1 shows a hardened cement paste with a w/b of 0.2 which has more anhydrous
cement grains in the cement paste along with less CSH and CH products, compared to a w/b of

0.4.
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Figure 2.1. SEM images of a cement paste with different w/b: w/b of 0.2 after a) 14 days and
b) 28days; comparing to a cement paste sample with w/b of 0.4 after c) 14 days and d) 28days
[38]

First, in comparison to 50 years ago, PC particles are much finer and have a higher tricalcium

silicate (CsS) and alkali content [39]. As a result, cement particles are expected to hydrate faster
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and gain much of its strength in the early days [40]. According to ACI 308-213, these
cementitious mixes are also more prone to early-age cracking due to higher heat of hydration
and higher autogenous strains and stresses. Bentz et al. reported that 0.07 kg of additional curing
water is required per kg of cement to overcome this issue and maintain saturated conditions
[13]. The higher water demand associated with the chemical shrinkage of supplementary
cementitious materials (SCMs) makes internal curing essential in cementitious mixes that
incorporate SCMs. SCMs like silica fume, slag, and fly ash exhibit significantly higher chemical
shrinkage than ordinary Portland cement (OPC). For example, silica fume, slag, and fly ash
have chemical shrinkage rates of 0.22, 0.18, and 0.10-0.16 kg water per kg cement, respectively,
compared to OPC's rate of only 0.07 kg water per kg cement. Although this shrinkage occurs
slightly later, it can lead to prolonged stress development and increased cracking potential.
Internal curing effectively mitigates this risk by reducing residual stress and the likelihood of
cracking [39,41,42].

Overall, the inadequacy of water for hydration of cementitious mixes with low w/b has two
negative consequences. Firstly, it decelerates the rate of hydration, leading to inadequate
strength development and increased porosity. Secondly, the loss of moisture in concrete results
in drying shrinkage, which, if the system is restrained, can result in the development of stresses
in the pore structure and eventually cracking [43]. Therefore, implementing an effective curing
approach that enhances water availability to cementitious materials offers multiple benefits in
extending the service life of concrete elements. These benefits include facilitating continuous

hydration of cement paste, reducing permeability, and preventing early-age shrinkage cracking.
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2.2 Internal Curing in Low w/b Mixes

To address the shortcomings associated with traditional external curing methods, a new method
of curing, namely internal curing, has recently been introduced and implemented in
cementitious mixes with low w/b. Internal curing, according to the ACI-308, is "the process by
which the hydration of cement occurs due to the availability of additional internal water that is
not part of the mixing water" [40]. This inside-out method can be used with a variety of
absorbent materials, including pre-wetted LWA [44-49], SAP [9,50-61], pre-wetted wood
fibres [23], and natural fibres [21,22,34,62—64]. These internal curing agents are distributed
spatially in cementitious mixes and act as internal water reservoirs, gradually releasing water as
needed during hydration. They are primarily pre-saturated materials with a high capacity for
water absorption in aqueous solutions and a high desorption rate under pressure [65]. Internal
curing methods offer a number of advantages. First and most importantly, internal curing is
primarily introduced to overcome the high early-age shrinkage of cementitious mixes with low
wi/b that lack accessing water during their hydration period. In addition, even in high w/b mixes,
internal curing can complement traditional curing practices for improved hydration, lower
permeability, and higher compressive strength [66].

As shown in Figure 2.2, traditional curing's effectiveness in providing additional moisture is
limited to the surface zone, whereas internal curing can provide extra moisture throughout the
entire body of the cementitious system. This is because, after a few days, the effective zone of
external curing at the surface is limited to the outer 4-8 mm (0.2-0.3 in) [13]. Overall, internal
curing agents can be used to promote hydration of cement paste and to replenish water lost due
to self-desiccation or evaporation due to adverse environmental conditions. By using internal

curing methods to mitigate early-age cracking caused by autogenous shrinkage, cementitious
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elements are expected to have a longer life cycle, contributing to greater sustainability.
Furthermore, where external curing methods are difficult to apply on some concrete surfaces,

internal curing can be advantageous.
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Figure 2.2. Comparison of the effective zone of traditional curing (external curing) and
internal curing method [48]

2.3 Conventional Internal Curing Agents

Internal curing can be accomplished using a variety of agents such as pre-wetted LWA [44-49],
SAP [9,50-61], pre-wetted wood fibres [23], and natural fibres [21,22,34,62—64]. These internal
curing agents replenish the lack of water within the pores when the relative humidity (RH)
drops, and thus can mitigate autogenous shrinkage caused by self-desiccation. However, the
most common approaches in the internal curing of concrete, which will be thoroughly discussed

in the following sections, are the use of pre-wetted LWA and SAP.

2.3.1 Lightweight Aggregate (LWA)
Lightweight aggregate (LWA) is a porous material that can be in the form of coarse aggregate

with a bulk density of 1200 kg/m? or fine aggregate with a bulk density of 1100 kg/m?3 [44].
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Although LWA was used for the first time for internal curing of concrete in 1991 by Philleo
[67], it has long been used in concrete to produce lightweight concretes and improve thermal

insulation.

2.3.1.1 Mechanisms of Internal Curing by LWA

Trtik et al. explained that there are three key aspects which need to be understood prior to mix
proportioning of internally cured mixes. First, the distance the internal curing water can travel
in a hardening cement paste, secondly, the amount of water which is released by the internal
curing agent , and thirdly, the release time of internal curing water [47]. As a result, the best
internal curing agent is one that can deliver a sufficient amount of water at the appropriate time
and location to the cement grains. When pre-soaked LWA is added to a cementitious matrix
prior to setting, there is no water exchange between them. However, after the setting process,
vapour-filled pores arise when chemical shrinkage surpasses autogenous shrinkage, resulting in
the movement of water from the pre-saturated LWA to the vapour-filled spaces in the
cementitious matrix [13,55]. The direction of water transfer during the dormant phase can
change depending on the saturation of LWA. In other words, when LWA is unsaturated, water
is transferred from the fresh cement paste to the aggregate, whereas water is transferred from
the aggregate to the cement paste when LWA is saturated [68]. Water may transfer from some
pores of LWA with specific size ranges during each hydration stage. Even at the very early
stages of hydration, the pore size of LWA is generally larger than that of cement paste [46]. As
a result, the water absorbed in the largest pores of LWA is released into the cement paste,
replenishing the capillary water consumed by the hydration process [69]. Capillary pressure
rises as hydration progresses and the size of pores within the cement paste decreases, resulting

in the release of the water absorbed in the smaller pores of LWA. It was found that when the
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internal relative humidity (RH) of concrete reaches 96%, the majority of the water absorbed in
LWA is released, and when RH=92%, all of the water is released to the concrete [46]. Hence,
the internal RH of concrete plays a significant role when studying the effectiveness of an internal
curing agent. Zhang et al. found that the changes in the internal RH of high-strength concrete
made of LWA consist of two main stages [70]. The relative humidity is 100% in the first stage
and gradually decreases in the second. As illustrated in Figure 2.3, LWA's role as internal curing
agents is to prolong the first stage and reduce the decreasing rate at the second stage. As a result,

LWA, as internal curing agents, can significantly reduce the drop in concrete’s internal RH [71].
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Figure 2.3. Changes in the internal relative humidity of concrete slab over time at different
locations, a) without LWA, b) with 30% LWA [70]
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As mentioned earlier, the migration distance of water released by LWA is one of the key factors
in evaluating LWA's effectiveness as internal curing agents. Image analysis, 3D microstructural
models, neutron and X-ray tomography are the methods which can be used to calculate
migration distance. Based on the studies done using the above-mentioned characterization
methods, the migration distance for LWA was determined to be in range of 1-3 mm [13,47,72].
To comprehend the ways in which LWA impact autogenous shrinkage and concrete hydration,
it is necessary to examine pore structure and capillary pressure. In cementitious mixes with low
wi/b, liquid-vapour menisci develop within the pores. The shrinkage of pores occurs due to
capillary pressure that is greater than air pressure. The correlation between capillary pressure
and pore radius (or meniscus curvature) can be explained using the Young-Laplace equation

(Equation 2.1)

M Equation 2.1

Ocap =

Where:

Ocap(Pa): capillary pressure,

y(%): surface tension of pore fluid,

0 (radians): liquid-solid contact angle (assumed to be zero radians), and
r(m): radius of curvature of the meniscus or the pore size.

On the other hand, capillary pressure can be related to the internal humidity of concrete by using

Kelvin’s equation (Equation 2.2).

RT In(RH)
Teap =y Equation 2.2

Where:
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R=8.3144 J/mol: universal gas constant,
T (K): thermodynamic temperature,

RH(%): internal relative humidity, and
Vm(:n"—;): molar volume of pore solution.

As a result, by substituting the capillary pressure equation, shrinkage strain (e,) can be

expressed based on pore saturation degree (S), and internal relative humidity (RH) as shown in

Equation 2.3 and Equation 2.4, respectively.

s 11
& = ~30cap( ~ fs) Equation 2.3

_ 2RTIn(RH) 1 1
p— 3 V, K K Equation 2.4
Where K (Pa) is the mortar’s bulk modulus, and K(Pa) is the bulk modulus of the solid skeleton
of mortar. As a result of the internal curing agent releasing its water into the matrix, internal
relative humidity rises, as does the degree of saturation of pores (S). Consequently, the capillary

pressure within the pores decreases, resulting in less autogenous shrinkage.

2.3.1.2 Optimal Dosage of LWA as Internal Curing Agent

To achieve optimal internal curing goals without negatively impacting the strength, it is
essential to control the percentage of LWA used in cementitious mixes. Although a higher
proportion of LWA can potentially result in greater water absorption and increased water release
for internal curing, it may also lead to decreased strength due to the introduction of more porous

materials into the cementitious matrix. Therefore, it is important to strike a balance between the
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two factors. Generally, a thorough investigation of the impact of different percentages of LWA
on strength and internal curing properties is necessary to determine the optimal proportion for
each specific application. The amount of LWA recommended for internal curing of
cementitious materials is determined in ASTM C1761/ C1761M-17 based solely on the amount
required to mitigate chemical shrinkage [73,74]. Based on the amount of water released by
LWA at RH=94%, the mass of oven dried LWA required per unit volume of concrete is

calculated as follows.

Cr X CS X gy
SX®ya Equation 2.5

Mpywa =

Where the values explained as follows:

Miwa (k—g) : mass of oven dried LWA needed per unit volume of concrete,
m3

Cr (%) : cement factor which is the total mass of cementitious materials used in concrete,

(Lgofwater y. hamical shrinkage of cementitious materials at complete hydration,

kg of cement
Amae (0 — 1.0) : maximum potential degree of hydration of cementitious materials,

S (0 —1.0) : degree of saturation of pre-wetted aggregate relative to the wetted surface-dry
condition, and

@, 4 - absorption of LWA

The test method for obtaining W, is provided in ASTM C1761/ C1761M-17 and can be

calculated as follows:

_ Msp — Moy,
Wiwa = oD x 100% Equation 2.6

Where:
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Mg (g): mass of LWA in wetted surface-dry condition,
My, (g): the equilibrium mass of aggregate originally in wetted surface-dry condition and
subsequently stored at 94% RH,

and M, (g): mass of LWA in oven-dry condition.

2.3.1.3 Effect of Pore Size Distribution of LWA as Internal Curing Agent

The pore size of LWA is a significant factor in determining their water absorption and
desorption properties. Larger pores, with diameters exceeding 1 um, have a higher absorption
rate, but poor water retention capabilities. This leads to rapid release of the absorbed water,
rendering them unsuitable for internal curing purposes that require water to be gradually
released during hydration. Conversely, decreasing the size of the pores in LWA can
considerably reduce the rate of absorption, resulting in a much longer time required for
saturation. Furthermore, even though the very small pores of LWA can absorb water under
vacuum, they may have poor water release properties. The optimal pore size for internal curing
with LWA was found to be approximately 100 nm [75]. Water desorption is highly dependent
on the pore size of LWA and the internal relative humidity of cementitious matrix. When the
relative humidity remains constant, water in pores larger than the critical size is released, while

water in pores smaller than the critical size remains saturated [46].

2.3.1.4 Effect of LWA on Properties of Cementitious Mixes

Fresh Properties
The impact of LWA on concrete flowability has received little attention. This could be because
pre-saturated LWA neither absorbs nor releases water to the cement paste prior to concrete

setting, leaving flowability almost unaffected [44]. However, due to the slow absorption rate of
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LWA, if it is added to the mix in dry form along with the required internal curing water, it may
cause bleeding and segregation.

Microstructure

The microstructure of the interfacial transition zone (ITZ) between the cement paste matrix and
the aggregate has a significant impact on the properties of concrete and can be used to determine
the effectiveness of incorporated internal curing agent. The internal curing water released by
LWA aided in the hydration of 1TZ, consequently lowering the porosity of concrete. When
comparing the ITZ of concretes made with normal aggregate and those made with LWA, several
significant differences can be recognized. First and foremost, as shown in Figure 2.4, a thin and
denser ITZ forms around LWA [49,76,77], whereas when normal aggregate is used, the ITZ
zone has high porosity with more portlandite and AFt [77]. Secondly, when LWA is used in
concrete, the density of C-S-H is found to be increased [78]. Overall, using LWA is expected
to improve the overall degree of hydration [72] and reduce the porosity [79], resulting in lower

permeability of the concrete sample [44].
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Figure 2.4. Difference between the microstructure of ITZ in cement mortar a) with LWA and
b) with normal aggregate [10]
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Autogenous shrinkage and drying shrinkage

As an internal curing agent, LWA can significantly reduce autogenous shrinkage and
subsequently microcracking development [49,80,81]. The type of LWA and its saturation state
influence its ability to reduce autogenous shrinkage. For example, vacuum-saturated LWA
outperforms oven-dried LWA in terms of preventing autogenous shrinkage [50,82]. LWA that
have been pre-wetted for 24 hours can typically reduce, if not completely eliminate, autogenous
shrinkage [72]. Overall, different types of LWA with varying strengths, absorption capacity,
and desorption can have different efficacy in reducing autogenous shrinkage. However, for dry
LWA, lower absorption rate and higher strength LWA perform better in reducing autogenous
shrinkage, whereas higher absorption rate and lower strength LWA are preferred for pre-wetted
LWA [81].

Despite the effectiveness of LWA in reducing the autogenous shrinkage and total shrinkage at
28 days [46], it has been demonstrated that using LWA increases drying shrinkage. Using
pumice aggregate, for example, resulted in a 34% increase in drying shrinkage when compared
to the reference sample with normal aggregate [80]. However, a higher LWA dosage was shown
to prolong the time of cracking. The lower modulus of elasticity of LWA could explain the
increase in drying shrinkage of concrete [50,83]. Using shrinkage-reducing agents is one way
to mitigate the negative effect of LWA on drying shrinkage [8]. Shrinkage reducing admixtures
(SRA) can also extend the cracking time and reduce autogenous shrinkage by lowering the
surface tension of the pore solution, hence reducing capillary pressure based on Equation 2.1
[8,84,85].

Mechanical Strength
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It has been observed that incorporating LWA as internal curing agents leads to a reduction in
the strength of concrete due to the relatively low strength of LWA itself [80,83]. However, this
decrease in concrete strength appears to be more prominent during the early stages [86]. As the
concrete ages, the strength either remains unchanged [87] or can even be improved by
incorporating a significant amount of Class C fly ash [88]. Alternatively, to mitigate the negative
impact of LWA on concrete strength, researchers have suggested reducing the size of LWA and
enhancing its distribution within the cement mixture [70,89,90]. Agostini et al. conducted a
study to investigate the effects of LWA on hydration products. Their findings indicated that the
incorporation of LWA reduces the amount of CH and increases the density of CSH at the

interface between the cement paste and aggregate [78].

2.3.2 Superabsorbent Polymers (SAP)

Superabsorbent polymers (SAP), also known as hydrogels, are polymeric materials capable of
absorbing water and aqueous solutions to several hundred times their dry mass, leading to the
formation of insoluble gels. Typically, available in the form of white granules or powders, SAP
exhibit a particle size distribution ranging from micrometers to millimeters. Figure 2.5
illustrates the appearance of SAP in their dry state and after water absorption. The development
of SAP originated in the 1970s, with Japan and the United States being the pioneering countries.
The exceptional water absorption capacity and the ability to retain moisture under pressure have
positioned SAP as remarkable absorbents in the market [91].

Besides the application of SAP in construction industry, they have diverse applications across
other industries. In the personal hygiene sector, SAP are widely used in products such as diapers
[92]. In the biomedical field, they are used in the production of wound dressings, surgical

sponges, tissue engineering scaffolds, and more [93]. Other applications include meat
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packaging, waste treatment [92], water conservation in agriculture [94], and water purification
[95]. Extensive research has explored the use of SAP in the construction industry. These
applications include the use of SAP as waterproof backfilling materials, extruded polymeric
joint sealants, and as a means to mitigate shrinkage cracking [91]. The application of SAP in
the construction sector has experienced significant growth, particularly in their role as internal
curing agents to address autogenous shrinkage in low w/b cementitious mixes [96]. This
approach has gained substantial attention and recognition, prompting the establishment of a
RILEM technical committee in 2012. The committee published a comprehensive report
assessing the effectiveness of SAP as internal curing agents specifically in low w/b concretes

[75].

Figure 2.5. State of SAP before absorption (dry SAP; left) and after absorption (Swollen SAP;
right) [75]

2.3.2.1 Effect of Particle Size of SAP as Internal Curing Agent

The particle size of SAP plays a crucial role in their water absorption and absorption rate. SAP
with a smaller particle size distribution tend to reach swelling equilibrium more rapidly.
However, compared to SAP with larger particles of the same chemical composition and

synthesis method, they exhibit a lower absorption capacity [74,97]. Additionally, SAP can be
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classified into two types based on their fluid retention behaviour: retentive and non-retentive

(also known as self-releasing) [54,98].

2.3.2.2 Mechanisms of Internal Curing by SAP

There are notable differences between LWA and SAP. Firstly, SAP exhibit a significantly
higher rate of water absorption compared to LWA. Moreover, SAP are typically incorporated
into cementitious mixes in their dry form, whereas LWA are employed in a pre-saturated state.
Another significant disparity lies in the aftermath of water release within the matrix. Desorbed
SAP create empty pores within the matrix, which can be partially filled with hydration products
[74]. On the contrary, LWA do not introduce any new pores, apart from their inherent porosity,
upon water release.

SAP are primarily characterized by their absorption capacity and absorption rate, also referred
to as swelling ratio and swelling rate, respectively. Factors such as the concrete mixing and
compaction processes can influence the movement of water within SAP. The presence of
aggregate can impose physical confinement and diminish the absorption capacity of SAP.
However, the properties of the polymer itself and the fluid properties are the most critical
parameters that can impact the absorption capacity and absorption rate of SAP. These aspects
will be further discussed in the upcoming sections.

In addition to the intrinsic properties of the polymer itself, the characteristics of the fluid in
which SAP are employed as internal curing agents can profoundly influence their effectiveness.
Fluid properties, including chemical composition, pH, ionic concentration, temperature, and
pressure, can all impact the performance of SAP. For example , while a typical SAP may exhibit
a high absorption capacity of 1000 g/g in distilled water, this capacity can decrease by up to

90% to approximately 10-20 g/g when exposed to concrete pore solution due to alterations in
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fluid composition [91]. Increasing the ionic concentration of the fluid diminishes both the water
absorption capacity and absorption rate of SAP due to reduced osmotic pressure. Moreover, the
type of ions present in the solution influences SAP absorbency, with multivalent cations such
as Ca?*, Mg?*, and AI** causing a more pronounced reduction in absorption compared to
monovalent cations like Na* and K* [74]. This is attributed to the formation of complexes
between multivalent ions and the carboxylate groups of acrylate chains in SAP, impeding the
mobility of polymer chains and impeding expansion. For instance, Ca®* decrease the swelling
capacity through creating a bidentate complex with acrylates of SAP [52,99-101]. The impact
of multivalent divalent ions on the swelling behaviour of SAP can be observed in Figure 2.6,
which demonstrates a lower absorption capacity of SAP in the presence of divalent calcium ions

compared to a sodium chloride solution.
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Figure 2.6. Absorption capacity of SAP in the solution of sodium chloride (NaCl) and calcium
formate (CaFo) [75]

SAP have found extensive use in cementitious mixes, particularly for internal curing and
prevent cracking due to shrinkage. Figure 2.7 shows the swelling and shrinking process of SAP
in a cementitious system [91,102]. At the time of fabricating the cementitious mixes, dry

granules of SAP are added to the mix and hence absorb part of the mix design water and swell
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(Figure 2.7.A). When the relative humidity drops, either due to adverse external environmental
conditions or self-desiccation during the hydration process, the swollen SAP release their
absorbed water to replenish the shortage of water in the cementitious system. This results in the
shrinkage of SAP and the formation of air-filled macropores known as "SAP voids" as
illustrated in Figure 2.7.B. By re-wetting the concrete surface or ingress of water into the

concrete, the empty SAP can be refilled with water and swell again.
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Figure 2.7. Schematic illustration of the process of releasing water by SAP to the cement paste
A) initial water-filled swollen SAP, B) release of water by SAP for internal curing and leaving
behind SAP voids C, D) re-swelling of SAP as a result of exposing to external wetting
[91,102]

Understanding the adsorption-desorption behaviour of SAP in the alkaline environment of
cement pore solution helps tackle challenges in their application in cementitious mixes. The
cement pore solution is characterized by a diverse range of ions, and its chemical composition
undergoes changes over time, which in turn affect the osmotic pressure and absorption-
desorption behaviour of SAP. Upon introduction to the cementitious environment, the water
absorption capacity of SAP is rapidly diminished within minutes. Consequently, the water
absorption capacity of SAP decreases from several hundred grams per gram in deionized water
to only 10-20 g/g in the cementitious environment [96,103]. Their water absorption rate is

influenced by particle diameter; with larger particles exhibiting faster absorption rates [104].
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On the other hand, water desorption of SAP is dependent on the internal relative humidity of
the cement paste. The desorption occurs when the relative humidity decreases due to external
drying or self-desiccation. In cementitious mixes with a low w/b, water desorption typically
commences during the third stage of hydration, following the setting process. The duration of
desorption varies depending on the particle size and can extend for several days until all the
absorbed water is released [105,106]. Proper timing is crucial when using SAP as internal curing
agents. If desorption occurs during the dormant period, excess water may lead to more porous
concrete with reduced strength [50]. The most effective incorporation of SAP is achieved when
desorption commences during the acceleration period and continues into the deceleration period

of cement hydration [107].

2.3.2.3 Dosage and Dispersion of SAP in Cementitious Mixes

SAP have a variety of applications in cementitious materials, including serving as internal
curing agents to reduce autogenous shrinkage and promote cement hydration plus enhancing
freeze-thaw resistance. However, the dosage of SAP required in cement mixes depends on the
specific application. For example, to achieve internal curing and improve freeze-thaw
resistance, 0.3%-0.6% wt. of SAP are generally suggested, whereas for crack sealing, a
minimum of 1% wt. is necessary [91].

In addition, the dispersion of SAP is a crucial factor that can impact their effectiveness as an
internal curing agent in cementitious mixes. Two methods for dispersion are commonly used:
dry mixing and pre-soaking. Dry mixing involves blending SAP with cement and aggregate
before adding water, and this method is more commonly used because pre-soaked SAP have a
tendency to clump together, creating a poor dispersion that can negatively impact the properties

of the concrete [91].
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2.3.2.4 Measuring techniques for absorption capacity of SAP

As previously mentioned, SAP are typically used in their dry form to ensure good dispersion
when mixed with cement, aggregate, and water. However, this can result in the absorption of
mix water by SAP, which can impact both the fresh and hardened properties of cementitious
mixes. To compensate for this, an extra amount of “entrained water” must be added to the mix.
However, determining the exact amount of absorption by the SAP in hardened paste, mortar, or
concrete is not a simple task, due to the possibility of the chemical composition of the solution
affecting the SAP' absorption capacity. Additionally, the effect of aggregate and the mixing
process cannot be ignored. Therefore, it is crucial to determine the absorption capacity of SAP
before designing the appropriate mix for each application. Various direct and indirect
measurement methods have been proposed and implemented to measure the absorption capacity
of SAP in hardened cementitious systems.

To measure the absorption capacity of SAP, there exist direct and indirect measurement
methods. The direct methods involve the use of gravimetric methods, microscopy, and laser
diffraction particle size analysis. The most commonly used direct method is the gravimetric tea-
bag method, which is followed by conducting centrifugation and vacuum filtration [108].
However, despite its simplicity, the gravimetric method may overestimate the absorption
capacity of SAP since it may not remove all physically held water before the measurement. The
other methods, i.e., optical microscopy, and laser diffraction particle size analysis, however, can
be implemented to avoid the error derived from the gravimetric method and measure the liquids
which only absorbed by SAP [109]. Alternatively, the indirect methods involve measuring
consistency and heat of hydration of cementitious mixes after incorporating SAP. In consistency

methods, the absorption capacity of SAP is estimated by comparing the total w/b with the
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effective w/b. The effective w/b can be estimated by comparing the slump flow of SAP mixes
with a set of reference mixes with known w/b or by adjusting the batch water of SAP mixes
until the same slump flow is achieved as reference mixes with known w/b [105,110,111]. The
slump method suffers from a fundamental error in assuming that SAP have no influence on the
rheological properties of cementitious mixes. Alternative approaches, such as using isothermal
calorimetry to compare the heat of hydration between SAP mixes and reference mixes with a
known w/b, have been proposed as an indirect means of measuring the absorption capacity of
SAP [112]. Nonetheless, a significant drawback of employing this method to determine the
effective w/b is that the use of SAP accelerates the hydration rate, leading to discrepancies in
the comparison [91]. Overall, the primary challenge faced by indirect methods lies in producing
a reference sample with the same effective w/b, hydration level, and air content, which may

prove difficult to achieve [91].

2.3.2.5 Effect of SAP on Properties of Cementitious Mixes

Fresh Properties

The effect of SAP on the fresh properties of cementitious mixes largely relies on accurately
estimating the absorption capacity of SAP in hardened state, which as discussed in the previous
section is a complicated process. As a result, when discussing the influence of SAP on the
rheological properties of cementitious mixes, two factors must be determined clearly: firstly,
whether additional water is included in the cement mix to compensate for SAP absorption, and
secondly, the technique employed to assess the amount of extra water needed. It has been noted
that the addition of SAP leads to an increase in the yield stress and plastic viscosity of concrete,
while the consistency and slump decrease [50,113,114]. As discussed in the previous sections,

it is important to note that altering the type and size of SAP can impact their absorption capacity
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and consequently influence the fresh properties of cement mixes. For instance, using smaller
SAP particles can increase the yield stress and plastic viscosity of cement mortars, mainly
because they have a larger surface area available for absorption [115].

Hydration and Microstructure

The impact of SAP on the early hydration of cement mixes has been observed to result in both
delayed [50,53], and accelerated effects [116]. However, most studies have shown that
hydration is promoted, particularly at later ages, due to the release of necessary water for
anhydrous cement particles [117,118]. The increased hydration in SAP cement mixes can result
in the refinement of pores and a decrease in porosity of hardened samples. However, this
conclusion is complicated by the fact that the pore structure can be influenced by the dosage of
SAP, absorption capacity, and amount of entrained water. Essentially, three mechanisms
counteract each other to achieve low porosity in hardened samples: decreasing the effective w/b
due to SAP absorption, leaving macro-voids of dried SAP, and improved hydration due to
internal curing [91]. First, the initial absorption of SAP alters the effective w/b. Second, the
release of absorbed water from SAP into the matrix promotes hydration and improves the
microstructure at later stages. Finally, the presence of macro-voids due to the dried collapsed
SAP influences the porosity.

In a study by Lura et al. that used X-ray tomography, reduced autogenous microcracking and
lower small capillary pores were observed due to the internal curing effect of SAP [119].
Depending on the initial size of dry SAP and their swelling capacity, the size of macro-voids
created by desorbed SAP may vary from 10 um to over 500 pum [102,103,120]. These macro-
voids may be filled with hydration products in the microstructure of the hardened cementitious

sample [91].
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When analyzing the microstructure of cement mixes incorporating SAP, special attention must
be paid to the development of a new interface between the SAP and the cement paste matrix.
This interface has been identified as highly porous, exhibiting lower cement content compared
to the bulk paste located farther from the interface, primarily due to disrupted particle packing
[91]. Additionally, this interface tends to be remarkably porous and may occasionally contain
substantial deposits of calcium hydroxide. Moreover, the contraction of SAP during the drying
process (release of internal curing water) can result in microcracking within the adjacent cement
paste. However, it is anticipated that the release of internal curing water by SAP facilitates
improved hydration and contribute to the ongoing development of the microstructure in the
surrounding paste [102,103,121].

Autogenous shrinkage and drying shrinkage

It is widely accepted that the incorporation of SAP in cementitious mixes reduces autogenous
shrinkage [96,122-124]. This effect is particularly significant in mixes with low w/b, which
exhibits the efficacy of SAP as an internal curing agent. The decrease in autogenous shrinkage
is most prominent during the early stages, as observed in a comprehensive inter-laboratory study
involving 13 international research groups [50]. However, the impact of SAP on drying
shrinkage is still a matter of debate. Some studies have reported a decrease in drying shrinkage
when using SAP [125], while others have found an increase in drying shrinkage. For instance,
it has been observed that although SAP may increase drying shrinkage, the overall shrinkage of
cementitious mixes remains unchanged [96,110].

Mechanical Strength

The influence of SAP on the mechanical properties of cementitious mixes depends on multiple

factors, including SAP dosage, effective w/b, and entrained water volume. However, as is often
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the case with interpreting fresh properties in SAP cementitious mixes, the effect of SAP on
mechanical properties is determined by opposing factors. On one hand, SAP can positively
impact mechanical properties by enhancing hydration, promoting microstructure densification,
and reducing autogenous microcracking. This, in turn, decreases micro porosity [117,119] and
potentially leads to localized enhancements in mechanical properties. Recent nano-indentation
studies have verified this effect, detecting the formation of high-density hydration products (C-
S-H) within the vicinity of SAP particles, in the range of 60 to 120 um [11]. On the other hand,
as discussed earlier, the desorption of SAP may leave behind macro voids, potentially
counteracting these benefits and affecting the mechanical properties of SAP cementitious mixes.
All in all, the addition of SAP generally results in lower compressive strength at early ages
[96,126,127], but the strength at later ages is typically similar to that of reference mixes
[125,128]. In other words, the initial inclusion of SAP may temporarily reduce compressive
strength due to the formation of macro voids. However, this negative effect will be compensated
over time by the internal curing effect by promoting the cement hydration. As a result, the
strength difference between reference mixes and SAP mixes will reduce as internal curing
becomes more pronounced at later stages. The benefits of using SAP to enhance cement
hydration are particularly apparent in two scenarios: when the w/b is below 0.42, owing to the
significant internal curing effect over time, and when supplementary cementitious materials are
employed, as water availability is crucial for their pozzolanic reaction at later stages [60,129].
A summary of the discussed effect of SAP on different properties of cementitious mixes is

presented in Table 2.1.
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Table 2.1. Summary of the literature review on the effect of SAP on different properties of
cementitious mixes

SAP
) Internal Curing o
Properties . ) w/b  (wt. Summary of Findings References
Considerations
%)
) Increase in the slump flow
Flowability Dry SAP: 0.24 0.4  and adecrease in the V- [130]
0.05 extra water added. .
funnel flow time values.
Flowability and  Dry SAP: 0.3- * Extra water has to be added
. 0.04-0.07 of extra water 0.22 to preserve the slump. [131]
air content 0.4 L
added. *Increase in air content.
Degree of Dry SAP: 05 035 Hydration degree increased [117]
Hydration No extra water added. ' 0.70  after 14 days
Dry SAP:
Degree of Extra water calculated 0s 0% Hydration degree increased [132]
Hydration based on absorption ' 0.6  after 28 days
capacity of SAP.
Total porosity at all ages is
Total Porosity DY SAP: 022 06 about F(;% hig>;1er thangthat in [133]
0.08 of extra water added. .
plain concrete.
Autogenous Dry SAP: 0g 03 Completely countering [96]
Shrinkage 0.05 of extra water added. ' 0.6  autogenous shrinkage
Dry SAP:
O pvatrclatter g 01 STROVEROL
Shrinkage based on absorption ' 0.33 earl g—a & concrate g
capacity of SAP. y-ag '
vecharical — Dry sa: 05 0% omeedincompreme (134
Strength No extra water added ' 0.6 P

strength.

2.3.3 Natural Fibres

The concept of sustainable development has become increasingly significant in recent years as
the world grapples with the pressing issues of climate change and resource depletion.
Sustainable development refers to the idea of meeting the current needs of society while
ensuring that future generations can meet their own needs without any trade-offs [135]. This
concept is particularly crucial in the construction industry, which is responsible for emitting

approximately 5% of total human-made CO2 emissions and depleting natural resources during
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the production of concrete [136]. To tackle this issue, it is necessary to take steps towards the
production of more sustainable cementitious materials using renewable substitutes like
lignocellulosic wastes, specifically natural fibres. The benefits of using natural fibres as
substitutes include a reduced environmental impact, lower costs, and conservation of resources
and energy.

As previously discussed, SAP have emerged as a promising alternative for LWA for internal
curing agent in cement-based materials due to their high absorption capacity. However, SAP
are made of polyacrylate, a non-renewable and petroleum-based material, which can increase
the carbon footprint of cement-based materials [18]. In contrast, natural fibres are mostly
hygroscopic materials and can offer a cost-effective and sustainable option as internal curing
agents. Using natural fibres can offer additional benefits as well. Unlike synthetic materials like
SAP, natural fibres are widely available in many regions around the world at little to no cost.
Thus, using natural fibres as renewable resources presents a sustainable solution that can
provide cost-effective construction materials in any region worldwide while mitigating the
environmental impact of the construction industry. Additionally, natural fibres are frequently
derived from agricultural wastes and by-products, which can create a supplementary source of
income for farmers if their benefits are fully explored and understood. Nevertheless, the
mechanisms of natural fibres as internal curing agents in cementitious mixes have been less
extensively studied in comparison to LWA and SAP, for which there is a reasonable
understanding. Table 2.2 provides an overview of the pros and cons of each internal curing

agent in comparison to natural fibres.

Table 2.2. A comparison of advantages and disadvantages of different internal curing agents
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Internal Curing

Pros Cons
Agent
Relatively low unit weight x Lower water absorption capacity and
Absorption takes longer time poorer water retention
Lightweight % Cause higher drop in strength and
elastic modulus of concrete when
Aggregate (LWA
ggregate ( ) compared to SAP
% Can only store the water physically
inside of their capillary pores
Very high absorption capacity % Non-renewable material
Superabsorbent Can absorb water due to chemical and ~ x High production cost
. . .
Polymer (SAP) physical bonds Not locally available

x Increase the embodied energy and
carbon

x Leach out of some harmful extractives
upon contact with alkaline environment
x Require pre-treatment prior to use
(compatibility issue with cementitious
environment)

Excellent hygroscopic properties

Can absorb water due to chemical and
physical bonds due to presence of lumens

Presence of hydrophilic components in
their structure such as cellulose and
hemicellulose

Lightweight characteristic especially
hollow fibres

Abundantly available

Little to no cost

Renewable

Natural Fibres

Natural fibres encompass a wide range of materials, including plant fibres, mineral fibres, and
animal fibres as illustrated in Figure 2.8. Mineral fibres like asbestos and animal fibres such as
silk are examples in their respective categories. However, the focus of this study is on plant
fibres and their potential as internal curing agents in cementitious mixes. Natural lignocellulosic
plant fibres, referred to as natural fibres henceforth, can be further classified into three
categories based on their extraction location within the plant to: bast fibres, seed fibres, and leaf
fibres. Bast fibres, also referred to as phloem fibres, are acquired from the fibre bundles tightly
encircle the stem of plants [137]. Some examples of bast fibres include jute, flax, ramie, hemp,
and kenaf [138,139]. Due to their higher cellulose content, bast fibres typically have greater

tensile strength than other plant fibres [140]. Coconut fibres and sisal fibres are examples of
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fruit and leaf fibres, respectively. Finally, wood fibres can be classified as softwood and
hardwood fibres and are derived from a variety of trees. Seed fibres, such as cotton, MW fibres,
and kapok are another type of natural fibres. Certain seed fibres, such as kapok and MW possess
a unique hollow structure characterized by an exceptionally wide lumen and thin walls. This
feature facilitates grain dispersal, aiding in germination. More importantly, the distinctive
hollow morphology of these fibres imparts a lightweight property, making them ideal for the

development of low-density and insulation applications [25].

Natural Fibres i

[ J’ Vv
Mineral Fibres Animal Fibres Plant Fibres
Asbestos Silk Wool
[ [ [ [
Bast Fibres Seed Fibres Leaf Fibres Fruit Fibres Wood Fibres
N> Flax > Milkweed N> Sisal Coir Softwood
> Hemp \»  Cotton >  Abaca Oil Palm Hardwood
> Jute Y  Kapok >  Banana
> Kenaf

Figure 2.8. Summary of classification of different types of natural fibres

2.3.3.1 Characteristics of Lignocellulosic Fibres

The differences in the properties exhibited by various natural fibres can be attributed to their

distinctive chemical compositions and physical structures. Natural fibres are considered natural
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composites with a cellular structure which is intricately constructed. As depicted in Figure 2.9,
the structure of natural fibres comprises a central channel known as the lumen, responsible for
transporting water and nutrients, surrounded by the cell wall. The cell wall consists of multiple
layers, including the middle lamella, the thin primary wall, and the secondary wall, further
subdivided into the external secondary wall (S1), middle secondary wall (S2), and internal
secondary wall (S3) [141]. Each of these layers contains microfibrils oriented in specific angles,
unique to their respective layers. The primary wall is characterized by a disordered arrangement
of cellulose fibrils embedded within a matrix of pectin, hemicellulose, lignin, and protein. In
contrast, the secondary walls are composed of crystalline cellulose microfibrils arranged in a
spiral configuration, where the middle layer (S2) plays a vital role in determining the
mechanical properties of the fibres [142]. These microfibrils, are situated within an amorphous
region formed by lignin and hemicellulose. The outermost layer of the cell, known as the middle
lamella, primarily consists of pectin, which acts as a cementing material between adjacent
fibres. Other components such as wax and impurities may also be present on the surface of
natural fibres albeit in lower percentages. Consequently, as the variation in the content of each
of the aforementioned components in fibre their properties may also differ. Secondly, the
structural characteristics and morphology of natural fibres such as microfibril angle,
crystallinity, surface defects and their hollow structure can result in different properties [143].
Additionally, it is noteworthy that the properties of a particular plant may vary significantly
from one batch to another due to multiple factors such as variations in growing conditions and
climates, plant age, and processing techniques. These variations can impact the chemical and

physical structure of the natural fibres within the plant, leading to differences in their properties
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[144-146]. This could pose a significant challenge, as it may result in unpredictable properties

of the composite materials that incorporate these fibres [147,148].
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Figure 2.9. Schematic illustration of plant fibres structure: middle lamella, primary wall, S1 -
external secondary wall, S2 - middle secondary wall and S3 -internal secondary wall and
lumen, adapted from [142]

As mentioned above, natural fibres primarily consist of cellulose, hemicellulose, and lignin.
Cellulose is a polymer composed of glucose units. Hemicellulose is another type of polymer
made up of several polysaccharides while lignin is an amorphous and heterogeneous mixture of
aromatic polymers and phenyl propane monomers. The composition of various fibres may
differ, as demonstrated in Table 2.3.

Table 2.3. Composition of some natural plant fibres [149]

Fibre Cellulose (%) Hemicellulose (%) Lignin (%) Extractives (%) Ash (%)
Eucalyptus 41.57 32.56 25.4 8.20 0.22
Coir 21.46 12.36 46.48 8.77 1.05
Bagasse 41.7 28.00 218 4.00 3.50
Sisal 73.11 13.33 11.00 1.33 0.33
Banana Leaf 25.65 17.04 24.84 9.84 7.02

41



Figure 2.10 depicts the structure of a cellulose microfibril. Cellulose is a sugar-based polymer
consists of long chains of D-glucose units joined by B (1 = 4) glycosidic linkages which is
shaded in Figure 2.10 [150]. Hence, cellulose is classified as a (1->4) p-glucan with a repeat
unit of cellobiose which forms linear chains [150]. The cellulose microfibril, which is the
fundamental structural component of plant cell walls, is formed by intrachain and interchain
hydrogen bonding between cellulose chains (Figure 2.11). The hydroxyl groups are able to
create hydrogen bonds with water molecules which is one of the primary reasons for excellent
hygroscopic properties of natural fibres. Interestingly, cellulose microfibril has a semi-
crystalline structure, consisting of both highly crystalline and some amorphous regions [151].
Due to their high tensile strength, the cellulose content of a natural fibre can serve as an indicator
of its mechanical properties, with lower microfibril angles relative to the fibre axis generally
resulting in superior mechanical performance [143]. Microfibril angle can be measured through

the methods based on X-ray diffraction developed by Cave in 1997 [152].
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Figure 2.10. An illustration of Cellulose Structure [153]
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Figure 2.11. A schematic of the molecular structure of cellulose with lots of intrafibrillar and
possible interfibrillar interactions [154]

Regarding the mechanical properties of natural fibres, it's important to note that due to the
unidirectional reinforcement of cellulose, these fibres exhibit anisotropic behaviour. For
example, in the longitudinal direction, the Young's modulus of cellulose microfibrils is around
137 GPa [155]. While natural fibres demonstrate remarkable mechanical properties in the
longitudinal direction, they exhibit weakness in the radial direction due to their amorphous

blend properties [151]. In general, the mechanical properties of natural fibres are highly
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dependent on their chemical composition, with higher cellulose contents and lower microfibril
angles being the most effective parameters [156]. Other factors such as fibre diameter, size of
lumen, surface defects, and moisture content can also influence the mechanical properties of

natural fibres [157].

2.3.3.2 Hygroscopic Properties of Lignocellulosic Fibres

Most natural fibres show strong affinity for water and hydrophilic behaviour and hence are
considered to be hygroscopic materials. Generally, hygroscopic materials refer to the materials
which interact with water molecules to achieve an equilibrium with the surrounding humidity
of environment. The high tendency of natural fibres towards moisture adsorption has a
considerable impact on their individual properties as well as the properties of the material they
are integrated in. Consequently, it is crucial to thoroughly understand the hygroscopic
characteristics of natural fibres before their integration into a matrix. According to the earlier
explanation, the behaviour of natural fibres in adsorbing water depends on both their chemical
composition and morphology. Given the physical makeup of natural fibres, some fibres with
lumens and porous surfaces can increase the amount of liquid that enters their capillary spaces
due to capillary pressure, which enhances their hygroscopic properties [151]. This distinct
characteristic is particularly prominent in fibres possessing wide lumens, notably observed in

hollow seed fibres, as shown in Figure 2.12
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Longitudinal view Cross-section view

Bast fibre (Hemp)

Figure 2.12. Comparison of the morphology of bast fibre (Hemp) vs seed fibre (Calotropis)
[158]

Moreover, the hydrophilicity of natural fibres is significantly influenced by their chemical
composition. In fact, polar polymeric structures found in natural fibres enable them form
hydrogen bonds with water molecules. Therefore, polymers such as cellulose, hemicellulose,
and pectin play a significant role in determining the hydrophilicity of natural fibres [159,160].
Célino et al. employed Fourier transform infrared (FTIR) spectroscopy to conduct qualitative
and quantitative analyses, and investigated the influence of moisture content on infrared spectra
of natural fibres [160]. Their findings suggest that amorphous cellulose and hemicellulose
hydroxyl groups, as well as pectin’s carboxylic groups, are viable water absorption sites. To
initiate bonding between water molecules and these hydrophilic groups, the first water molecule
must form a direct bond with the fibre's hydrophilic groups. Subsequently, subsequent water

molecules may form either direct or indirect bonds with the fibre (Figure 2.13). The direct
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bonding of the water molecules with the hydrophilic groups lead to more firm bonds comparing

to the water molecules that are attached to the existing absorbed water molecules [161].

Polymer
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Figure 2.13. Direct and indirect absorption of water molecules by a polymer molecule [161]

To illustrate, cellulose molecules contain three hydroxyl groups for each glucose residue. When
water molecules interact with the hydroxyl groups of the fibre, hydrogen bonds are formed and
water is absorbed, as shown in Figure 2.14. It should be noted that during the absorption process,

multiple water molecules may attach to each hydroxyl group [161].
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Figure 2.14. Absorption of water molecules to the hydroxyl group of a cellulose molecule by
hydrogen bonding [161]

2.3.3.3 Application of Lignocellulosic Fibres as Internal Curing in Cementitious Mixes

The application of natural fibre in cement-based materials can be found in various products
including extruded non-pressure pipes and non-structural building materials such as siding,
cladding, and soffit panels [162]. However, in recent years, there has been growing interest in
using cellulose-based natural fibres, such as pulp fibre, kenaf fibre, Lechugilla fibre, and

cellulose filaments, as substitutes for conventional petroleum-based SAP for internal curing
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applications. The reason for this is their remarkable hydrophilic nature, which has been
documented in several studies [20,23,34,64,163]. A particularly noteworthy finding comes from
Hisseine et al., who reported that cellulose filaments can effectively mitigate autogenous
shrinkage and reduce early-age deformation due to their outstanding hygroscopic behaviour.
These filaments showed a water retention capacity exceeding 100% after just 6 hours of
immersion and released up to 97% of that water after 48 hours, according to their research [64].
Jongvisuttisun et al. conducted another study using advanced techniques, such as NMR and
MRI, to investigate the effect of hardwood eucalyptus pulps on the internal curing of cement
paste samples during the early stages [22]. Their research revealed that water can move through
the lumen and micropores in the cell wall via capillary flow, and through the cell wall through
diffusion. Additionally, osmotic pressure can also impact the fluid transport in wood pulps. The
cell walls of wood pulp act as semi-impermeable layers, and the gradient of counter-ion
concentration across the cell wall creates an osmotic pressure that affects the fluid transport of
wood pulps. These mechanisms of internal curing can be activated during different stages of
cement hydration. The researchers made several observations, including that like LWA and
SAP, the use of wood pulps resulted in a more pronounced increase in the heat of hydration at
later ages rather than early ages. Furthermore, they noticed that after the addition of wood pulp
to cement, pore solution ions would be absorbed into the cell walls of the pulps during the first
stage of the process. The absorbed ions on the cell walls of wood pulps and their concentration
are highly dependent on the chemical composition and pH of the cement pore solution.
Eventually, during the self-desiccation stage, the internal curing effect of wood pulp becomes
apparent through various mechanisms, such as capillary forces, water vapour diffusion, and

osmotic pressure [22]. The internal curing effect of wood pulp on cement paste was categorized
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into two time periods. In the first 25 hours of cement hydration, capillary forces drew the free
water of the lumen and released it to the surrounding cement paste. Additionally, water vapour
diffusion occurred due to the humidity gradient between the wood pulp and self-desiccating
capillary pores. However, after 25 hours of hydration, only two sources of water molecules were
available for hydration: the free water in small wall pores and the bound water of the wood
pulps. Furthermore, considering the cell wall of wood pulp as a semi-impermeable layer, an
osmotic pressure can be created by the gradient of counter-ion concentration across the cell
wall, allowing for the transport of water through the cell walls of the pulps. Using NMR
measurements and analyzing the T2 relaxation times of wood pulps at varying moisture contents,
the sequence of moisture migration from the fibre to the surrounding self-desiccating paste was
determined. This sequence includes the removal of free water from the lumen, followed by the
removal of free water from cell wall micropores, and finally the removal of bound water
absorbed into the cell wall [22]. The study also employed SEM and AFM images to observe the
precipitation of small, discrete particles on the surface of the wood pulps. XPS analysis
determined that these particles were calcium-rich phases, which can act as nucleation sites and

contribute to better interfacial bonding with cement, resulting in a higher rate of hydration [22].

2.3.3.4 Compatibility of Lignocellulosic Fibres in Cementitious Mixes

The incorporation of lignocellulosic fibres into cementitious mixes can have a significant impact
on the hydration reactions of PC. The alkaline environment of cementitious matrices can lead
to the degradation of lignocellulosic materials, resulting in the release of leachates. For instance,
hemicellulose and lignin may dissolve in the alkaline cement pore solution, leading to the
decomposition of extractives and the generation of polysaccharide hydrolysis by-products.

Consequently, the hydration behaviour of aluminates, silicates, and aluminosilicates in the
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presence of natural fibres is not solely determined by water content but is significantly
influenced by the saccharides released by these fibres [164]. The saccharides can affect the
hydration reactions with different mechanisms. Previous studies have proposed two main
mechanisms that account for the interaction of plant fibre molecules with the hydration reactions
of ordinary PC paste [164]. The first mechanism involves the capture and retention of calcium
ions by alkaline-induced chelating agents, while the second mechanism entails the reversible
physisorption of monosaccharides on anhydrous cement grains. The polysaccharides
constituting the natural fibres possess potent Ca-chelating groups that have a high calcium
binding capacity, which can reduce the concentration of calcium ions in the cement pore
solution and inhibit the formation of hydration products such as C-S-H, portlandite and ettringite
and hence cause a delay in the hydration process [165,166]. Furthermore, due to the alkali
hydrolysis of the organic compounds present in natural fibres, some sugar moieties that are
insoluble can form and create a protective layer around the partially hydrated cement particles.
It is also worth noting that the difference in the molecular architecture of saccharides leads to
their distinct alkaline stability, selective adsorption on and binding strength with anhydrous
cement components [164]. As an example, glucose, a monosaccharide, undergoes degradation
in the cementitious alkaline environment, producing by-products that contain carboxylic acids.
These by-products exhibit non-selective adsorption on both hydrated silicates and aluminates.
However, sucrose, a disaccharide, exhibits selective adsorption in their intact form at hydrated
silicate sites and anhydrous aluminate moieties, but not at hydrated aluminate sites [164].
Hence, to prevent any adverse impact on the properties of cementitious materials and natural
fibres themselves, it is critical to control alkali hydrolysis of natural fibres prior to their addition

cementitious matrices.
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Various strategies and treatments have been implemented to improve the compatibility of
lignocellulosic materials with cementitious matrices, including but not limited to: alkali pre-
treatment of fibres, using pozzolanic materials to reduce pH of cement pore solution, zirconium
dioxide sol-gel fibre treatment, biopolymeric surface treatment of fibres, and carbonation of

cementitious matrix in a COz-rich environment [29-31].

2.3.3.5 Effect of Lignocellulosic Fibres on the Properties of Cementitious Mixes
Flowability

Most research studies have shown that the incorporation of natural fibres can diminish the
flowability of cementitious mixes. Mansur and Aziz, for instance, noted a reduction in
workability when jute fibres were added to cement paste and mortar [167]. The extent of this
impact depends on the quantity and aspect ratio of the natural fibres used in the mix. This is
primarily due to the hydrophilic nature of natural fibres, which can absorb some of the mix
water and reduce its consistency. However, several strategies can be employed to mitigate the
negative impact of natural fibres on the fresh properties of cement mixes. First, the mix design
water can be readjusted to account for the absorption of natural fibres. Alternatively, fibres can
be pre-soaked to minimize their water absorption, or pre-treatment can be applied to the fibres
to lessen their hydrophilic behaviour [63].

Shrinkage

Numerous studies have demonstrated the effectiveness of natural fibres in reducing plastic
shrinkage in cementitious mixes. For example, Bighossian and Wegner found that increasing
the amount of flax fibres in a mix led to a 99% decrease in maximum crack width and total
crack area compared to reference samples [168]. The success of flax fibres in reducing plastic

shrinkage can be attributed to their hydrophilic nature, which promotes good interfacial bonding

50



between the fibre and matrix. Similarly, the addition of MW fibres (Estbragh, Asclepias
Procerais) at a concentration of 0.25-0.75% resulted in a significant reduction in crack number
and width due to a crack-bridging effect [169]. In another study, the inclusion of a low volume
fraction of short sisal and coconut fibres led to a decrease in the free plastic shrinkage of mortar
samples [170]. This improvement may be attributed to the crack-bridging effect of these fibres
and their higher modulus of elasticity compared to the cementitious matrix [170,171].
Hydration

Natural fibres have been found to delay the setting time and retard the cement hydration process
[172-174]. This retardation is primarily attributed to the soluble sugars within the structure of
some compounds. Among the various sugar components, sucrose and glucose were found to
have a particularly detrimental effect on cement hydration [165,175]. The sugar components in
natural fibres influence the hydration process through multiple mechanisms. Firstly, saccharides
adsorb onto the surface of cement grains, forming a semipermeable layer that impedes water
accessibility for hydration [165]. Secondly, the calcium binding capacity of the fibres, in the
form of Ca-chelating group, hinders the formation of CSH, which is crucial for cement strength
and stability [174-176]. In addition, acidic components such as galacturonic acid (GAA) and
glucuronic acid (GLA) found in natural fibres leachates can reduce the pH level of the highly
alkaline cement pore solution [177]. Furthermore, other fibre components like pectin may also
adversely affect cement hydration [172]. To mitigate the delay in hydration of natural fibre-
cement mixes, techniques similar to those mentioned earlier can be employed, such as pre-
treatment of fibres and/or incorporating pozzolanic materials and supplementary cementitious

materials (SCMs). The latter two approaches are particularly effective in reducing the alkalinity
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of the cementitious environment, thereby assisting in alleviating alkali hydrolysis of natural
fibres.

Mechanical Properties

Certain natural fibres, depending on their characteristics, volume fraction, and modulus of
elasticity have the potential to enhance the mechanical properties of cementitious materials. A
notable example is hemp fibres, which have been demonstrated to increase compressive strength
by 4% and flexural strength by 9% in cementitious composites [178]. Moreover, the
incorporation of hemp fibres can significantly improve flexural toughness and flexural
toughness index by 144% and 214%, respectively [178]. Another fibre, coir fibre, exhibited
exceptional impact resistance compared to fibres like Hibiscus Cannabinus, sisal, and jute
fibres, with an increase in impact resistance of up to 253.5 J [179]. However, it is crucial to
consider the moisture absorption characteristics when using natural fibres to improve
mechanical properties. For instance, the moisture content of pulp fibre has been found to
influence the mechanical strength and failure mechanism of mortar samples [180]. Over-drying
of pulp samples has been shown to yield higher flexural strength, but lower toughness compared
to samples subjected to air or wet curing conditions. This variation can be attributed to improved
bond strength between the pulp fibre and matrix in dried samples, resulting in a shift in the
failure mode from pull-out to a mixed mode of pull-out and fracture [180]. A summary of the
discussed effects of natural fibres on different properties of cementitious mixes is also presented

in Table 2.4.
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Table 2.4. Summary of the literature review on the effect of natural fibres on different
properties of cementitious mixes

Fibre

Amount

Properties T Pre-treatment w/b (wt. %) Summary of Findings References
. 0.25-
. Soaked in NaOH .
Flowability Jute f;razj h:)r:Jrsa 0.45 0.75vol. Increase in slump flow [181]
%
* Delayed the setting
time
Thermal 0.4- * Decrease the
Hydration Bagasse treatment at 175- O 6 0.5-2 maximum hydration [173]
250 °C ' temperature.
* Better compatibility
by thermal treatment.
Alkaline
\t,;ii;mszgﬂth 6 *Non-treated fibres
) 7 resulted delayed
Hydration and solution for 48 setting times
flexural Hemp hours and a 05 2vol.% g ' [172]
. . Alkaline treatment
strength slight acid . .
treatment with 1 resulted in the highest
W% AICI3 flexural strength
solution
*Mitigating free
plastic shrinkage,
Plastic . 0.45- delaying the onset of
shrinkage Stsal 05 02 the first crack, and [171]
managing crack
progression.
< —
Crack width Reduction m_both the
number and width of
and number, 0.25- cracks
compress_lve Estabragh - 0.52 0.75 *Slight improvement [169]
and bending . .
strength in compressive and
bending strength
*Postponing the onset
Plastioand g1 04 durng rsrine
S;Z;:Ea . coconut ) 052 0102 plastic shrinkage. [170]
g *Increased the drying
shrinkage.
| t L
s:;:):cth Coir, sisal, Improved impact
( ro'gctile test Jute, and ) 047 05-2 res?stance i [179]
021 sIJabs) hemp
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2.4 Kinetics of water transport in internally cured cementitious samples

Studying the Kkinetics of water transport from internal curing agents to the cementitious matrix
is of great importance. One of the most powerful techniques for dynamically characterizing
different types of water and pore structures in cementitious materials is *H Nuclear Magnetic
Resonance (NMR) relaxometry. This method allows for the non-invasive and non-destructive
measurement of free water, capillary water, and bound water over time. Unlike traditional
methods like Mercury Intrusion Porosimetry (MIP), which require breaking hardened samples
and halting hydration, NMR allows for non-destructive, dynamic, in-situ analysis of porous
materials [182-184]. These advantages enable continuous observation without altering the
samples. Consequently, NMR relaxometry has found wide applications in characterizing
cementitious matrices in recent years.

The pore structure of cementitious materials is characterized by the different physical states of
water in pores of varying sizes. When a magnetic field is applied, the hydrogen nuclei in the
water within these pores act like subatomic magnets [185]. Upon excitation, these nuclei
gradually lose their alignment through a process known as relaxation. The relaxation of
hydrogen nuclei occurs more quickly in smaller pores due to their higher surface-to-volume
ratio. This is explained by the fast exchange model as shown in Equation 2.7 where the spin-
spin relaxation time (T2) is inversely proportional to the surface-to-volume ratio of the pores is

in contact with the fluid [51,186]. Assuming the presence of spherical pores with a diameter of
d, the T2 correlates with the distribution of pore sizes (i.e., T,~ %) [187,188]. Consequently, as

cement hydration progresses, the pore structure evolves and the T2 distribution also changes.
Therefore, the reduction in T2 values observed during the evolution of hydration in the cement

paste is attributed to the densification of the cement paste and the formation of hydration
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products within water-filled pores and on the surface of cement grains [189]. This leads to a
reduction in inter-particle spacing and consequently more confinement and shorter relaxation

times (i.e. smaller T2.)

|4

T, = S X p, Equation 2.7

where V and S represent the volume and the surface, respectively, and pz is surface relaxivity.
For a comprehensive review of the application of *H NMR relaxometry in cementitious
materials, refer to the study by Valori et al. [190] and Monteiro et al. [185].

While extensive studies have investigated the kinetics of water transport between in SAP
[51,188,191-194] and LWA [49,195-197] in cement paste using NMR, research on
lignocellulosic materials remains limited and requires further exploration. The variability in the
physical and chemical properties among different natural fibres suggests that their water

transport kinetics could exhibit diverse behaviours, necessitating additional investigations.

2.5 Milkweed Fibres

Milkweed plant belongs to the weed family, which is generally defined as any plant not
intentionally cultivated. Weeds are highly adaptable and can thrive in harsh soil and climate
conditions where other plants struggle to survive. They can be classified as annuals, biennials,
or perennials based on their growth cycle. Asclepias Syriaca, a perennial plant native to North
America, is the most common species in the milkweed family (Asclepiadaceae). However,
milkweed plants are also found in other countries, such as China and Iran, where they are known
as Akund and Estabragh, respectively. Milkweed plant produces silky white fibres extracted
from its seeds. Asclepias Syriaca can grow in a wide range of soil conditions and is commonly

found along roadsides, fields, meadows, and waste areas [24]. In Canada, there are several other
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milkweed species present, including common milkweed, white milkweed, green milkweed,
purple milkweed, prairie milkweed, four-leaved milkweed, wooly milkweed, poke milkweed,
oval-leafed milkweed, whorled milkweed, showy milkweed, butterfly milkweed, and swamp
milkweed, according to the Canadian Wildlife Federation website. The factors that distinguish
these species from each other are the growth range, habitats preferences, and their appearance.
The name "Asclepias Syriaca™ also known as common milkweed, has two parts. The first part,
"Asclepias" is derived from the Greek god of medicine, Asklepios, as some species of milkweed
were historically used for medicinal purposes. The second part, "Syriaca” means originated in
Syria. This name was mistakenly given by Carl Linnaeus, who is credited with the creation of
the binomial nomenclature system, after the plant was first introduced to Europe [198].

An illustration of the different parts of the common milkweed plant can be seen in Figure 2.15.
Milkweed plant is characterized by its stout and tall stem, which typically measures between
0.9 to 1.2 meters and is covered in fine, soft hairs. Its leaves are oblong to oval-shaped, with a
length of 7.5 to 15 centimeters [25]. Upon being broken, the stem and leaves release a milky
sap, which is why the plant is known as "milkweed". This sap is toxic to most animals due to
the presence of cardiac glycoside, a dangerous compound that interferes with heart function.
However, monarch butterfly caterpillars can ingest the toxin and use it to deter predators. Once
milkweed seed pods ripen and harden, they split open gradually, releasing brown seeds attached
to bunches of white, silky fibres called floss fibres. These fibres help to disperse the seeds and

transport them over long distances through the wind for germination in new locations.
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Figure 2.15. An illustration of the common milkweed (Asclepias Syriaca) (Environmental
Education in Wisconsin website)

As shown in Figure 2.16, among natural fibres, MW floss fibres show a hollow structure which
makes it unique compared to other natural fibres [25]. The extremely wide lumen of MW fibres,
which takes up to 77% of the fibre volume and its thin cellulosic wall (approximately 1.3um),
can potentially promote its absorption capacity [26,27]. However, this hollow lumen also gives
MW fibres a fluffily nature with a density of approximately 300 kg/m3 comparing to
conventional SAP with a dry density of around 1500 kg/m3 [55,199]. This is an important
characteristic which can be advantageous for the application of MW fibres in lightweight
materials. MW fibres are classified as microfibres because they typically possess a length of
less than 1 mm and a diameter within the range of 10 um. As presented in Table 2.5, MW fibres
are composed of cellulose (40-45%), hemicellulose (35-40%), and lignin (15%). However,
other components such as waxes, pectin, and sugars are also present in small amounts (<5%) in
MW fibres [25]. As discussed earlier, some of these components are hydrophilic and can act as
absorption sites for water molecules (mainly cellulose and hemicellulose), whereas others, like

waxes, are hydrophobic. As a result, MW fibres can be classified as an amphiphilic material
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that can exhibit both hydrophilic and hydrophobic properties. For instance, Panahi et al. (2020)
observed a superhydrophobic surface with a contact angle of around 140° and up to 100 g/g of
oil absorption capacity in MW fibres [200]. Choi et al (1992) also reported a crude oil sorption
capacity of 40 g/g previously [201]. On the other hand, some studies have shown the high
potential of MW fibres for water absorption. For example, higher moisture regain has been
reported for MW fibres in comparison to cotton (11% vs 8%, respectively) [26,28,202]. In
addition, it was observed that the unique hollow channel in MW fibres can result in fast moisture
absorption [199,203,204]. To the best of the authors’ knowledge, there is only one study which
has been done on the application of MW fibres as an absorbent material. Kumar et al. (2020)
assessed the moisture behaviour properties of MW and MW/cotton blended sanitary napkins.
They found out that the higher the blend percentage of MW fibres, the greater the amount of
liquid absorption, liquid retention capacity, and liquid holding capacity under pressure of
sanitary napkins [205]. Furthermore, the use of MW fibres in cementitious environments has
been explored in limited studies [169,206], with a primary focus on mechanical performance.
The first study revealed that although the strength of MW fibres may deteriorate in the alkaline
cement environment, these fibres exhibited the ability to bridge micro cracks within the concrete
matrix, resulting in a reduction in the width of surface cracks [169]. Conversely, another study
reported lower compressive and flexural strength after incorporating MW fibres into the
cementitious matrix [206]. These contrasting outcomes highlight the incomplete understanding
of the influence of MW fibres on cementitious matrices, calling for further in-depth

investigations.
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Figure 2.16. The hollow structure of common milkweed fibres [25]

Table 2.5. Chemical composition of common milkweed fibres

Cellulose Hemicellulose Lignin Wax Pectin  Free sugars

(%) (%) %) ) (%) (o) Feferences

55 24 18 - - - [207]
54.9 19.3 193 - ; ; [208]

52 - 21.3 - - - [209]
40-45 35-40 15 23 0.3 3 [25]

2.6 Conclusion of Literature Review

This chapter presents a comprehensive review consolidating the outcomes of various studies
examining the effectiveness of internal curing agents commonly employed in low wi/b
cementitious mixtures. Additionally, the review explores the primary factors that significantly
influence the performance of these internal curing agents. Drawing upon an extensive survey of
the literature, the key findings can be summarized as follows:

1. Internal curing agents promote the hydration of cement paste, replenish lost water, and

mitigate early-age cracking, especially due to autogenous shrinkage. By reducing early-
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age cracking, their use can result in longer-lasting cementitious elements and enhanced
sustainability.

The three most important factors in assessing the efficacy of an internal curing agents are:
the timing of water release in the cement paste, the quantity of water released, and the
distance it can travel to reach anhydrous cement particles.

In order to achieve the desired internal curing objectives without compromising strength,
it is crucial to carefully manage the proportion of internal curing agents used in the
cementitious mixtures. While a higher percentage of internal curing agents can enhance
water absorption (i.e., higher entrained water) and release for internal curing, it can also
diminish strength by increasing porosity and the risk of agglomeration. Therefore, finding
the right balance between these factors is paramount.

The particle size of internal curing agents plays a vital role in their water absorption and
desorption characteristics. Larger internal curing agents exhibit a higher absorption
capacity but have limited water retention capabilities, leading to rapid water release that is
unsuitable for gradual hydration in internal curing of cementitious mixtures. On the other
hand, reducing the size of internal curing agents with smaller particles leads to reaching
saturation faster but having a lower overall absorption capacity compared to larger particles
of the same chemical composition.

The efficacy of internal curing agents is influenced not only by their intrinsic properties
but also by the characteristics of the cement pore solution. The chemical composition, pH,
ionic concentration, temperature, and fluid pressure play significant roles in determining
the performance of internal curing agents. With its diverse range of ions, the cement pore

solution changes over time, affecting the osmotic pressure and absorption-desorption
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behaviour of internal curing agents. Therefore, understanding the dynamic nature of the
cement pore solution is essential for optimizing the effectiveness of internal curing agents.
The desorption of entrained water from internal curing agents is closely linked to the
internal relative humidity of the cement paste. Desorption takes place when the relative
humidity of the cement paste decreases, which can occur due to external drying or self-
desiccation. In cementitious mixes with a low w/b, desorption typically begins after the
setting process, during the third stage of hydration. The duration of desorption depends on
particle size and can last for several days until all absorbed water is released. Proper timing
is crucial when using internal curing agents to avoid excess water during the dormant
period, which can result in a more porous paste with reduced strength. The most effective
use of internal curing agents occurs when desorption starts during the acceleration period
and continues into the deceleration period of cement hydration.

While SAP have shown promise as internal curing agents in cement-based materials due
to their high absorption capacity, their non-renewable and petroleum-based nature
increases the carbon footprint of the construction industry. In contrast, natural fibres offer
a sustainable and cost-effective alternative. Natural fibres are widely available in various
regions, often at little to no cost, and their use in cement-based materials brings multiple
benefits. They can serve as renewable resources, contributing to sustainable construction
practices and reducing environmental impact. Moreover, natural fibres are frequently
derived from agricultural wastes, creating additional income opportunities for farmers.
However, further research is needed to fully understand the mechanisms of natural fibres
as internal curing agents in cementitious mixes, as they have been less extensively studied

compared to LWA and SAP.
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Hollow natural fibres, such as MW fibres, can be promising options as internal curing
agents due to their unique morphology, particularly their extremely wide lumen, which can
act as reservoirs for internal curing water in cementitious mixes with low water-to-binder
ratios. However, existing literature suggests that MW fibres have an amphiphilic nature,
and their potential for improved hygroscopic properties needs further investigation.
Additionally, the synergistic effects of morphology and chemical composition variations

of MW fibres on various properties of cementitious mixes require further study.
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Abstract

This study investigated the influence of pre-treatment methods and size distribution on the
hygroscopic properties of milkweed fibres (MW). Pre-treatment methods included
hydrothermal treatment and hybrid treatment, which involves the hydrothermal treatment
followed by the alkaline treatment. Scanning electron microscope (SEM), Fourier transform
infrared (FTIR), and X-ray diffraction (XRD) were used to investigate the effect of pre-
treatments on morphology, chemical composition, and crystallinity of milkweed fibres,
respectively. Brunauer—Emmett—Teller (BET) surface area analysis was also used to measure
the surface area of milkweed fibres after each pre-treatment. The results revealed that only after
5 minutes of stirring, hydrothermal treatment and hybrid treatment enhanced the water
absorption capacity of non-treated MW fibres from 18 +4 g/g to 54+4 g/g and 50+1 g/g,
respectively. The SEM and FTIR confirmed the removal of waxes from the surface of milkweed
fibres after applying hydrothermal treatment without causing any changes to the hollow
structure of fibres. Hydrothermal treatment improved hydrophilicity and hence better

hygroscopic characteristics of MW fibres, as evidenced by increased absorption capacity and
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better water retention property. The hybrid treatment, on the other hand, caused the hollow
structure of MW fibres to collapse completely, and left holes on the surface. As confirmed by
FTIR and XRD, this occurred because of the dissolution of lignin and hemicellulose. As a result
of these severe morphological alterations, the hybrid treated MW fibres showed inferior water
retention properties compared to the hydrothermally treated sample. Furthermore, it was
observed that MW fibres with larger size distribution exhibited higher water absorption capacity
and better water retention properties compared to the smaller fibres. Therefore, it can be
concluded that hydrothermal treatment can improve the hydrophilicity of MW fibres and pave
the way for their application as superabsorbent materials in a simple and cost-effective manner.
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Figure 3.1. Graphical Abstract: Effect of Fibre Length and Treatments on the Hygroscopic
Properties of Milkweed Fibres for Superabsorbent Applications
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3.1 Introduction

Superabsorbent materials, also called superabsorbents, are materials that can absorb and retain
water up to several hundred times their dry weight within their hydrophilic structure [14,15].
There is a growing interest in superabsorbent materials due to their high potential for various
applications in the market, such as personal hygiene (e.g., diapers, etc.), biomedical (e.g.,
bondages, surgical sponges, etc.), meat packaging, waste treatment, water conservation in
agriculture, water purification, and construction materials [13,92-95]. The majority of
superabsorbent materials are synthetic and petroleum-based products, mainly made of
polyacrylates, which are non-renewable [18]. Depending on their types, water absorption
capacity of these petroleum-based SAP can be as high as 500-1000 g/g with absorption rate
ranging from less than a minute to several hours [92,210]. However, SAP have significant
manufacturing costs, high embodied carbon, and are environmentally harmful, making their
usage incongruous with the principles of sustainability. Therefore, scientists have been working
on using more environmentally friendly materials such as natural fibres in the aforementioned
applications. Natural fibres are obtained from renewable resources and offer a number of
benefits including availability, abundance, and low cost. In addition, one of the most important
characteristics of natural fibres is their hydrophilic nature which allows them to become fairly
high absorbent materials. The application of natural fibres as absorbents goes back to the days
of the Egyptian civilization when they used cotton cellulose [211].

The hygroscopic behaviour of natural fibres is dependent on their chemical composition and
physical structure. Chemical composition has a significant role in the hydrophilicity of natural
fibres. Generally, natural fibres are composite materials made of a matrix consisting of lignin

and hemicellulose, with cellulose fibrils, which act as reinforcements. Other components, such
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as waxes are also present in lower percentages as well. The presence of waxes and other
impurities provides a protective layer surrounding these natural fibres, preventing access to the
reactive functional groups of the primary components. In general, those polymeric compounds
in natural fibres that contain polar groups can establish hydrogen bonds with water molecules
[151]. Célino et al. (2014) conducted qualitative and quantitative tests through FTIR
spectroscopy and observed the effect of moisture content on natural fibres infrared spectra
[160]. They found that hydroxyl groups of amorphous cellulose and hemicellulose, and
carboxylic groups of pectin, are the potential sites for water absorption. In addition, the presence
of a lumen and surface cavities can increase the hygroscopic properties of natural fibres due to
capillary action [63].

Milkweed is a perennial plant native to North America, with Asclepias syriaca being the most
common species. MW fibres are silky white fibres extracted from the seeds of the milkweed
plant. Among natural fibres, MW floss fibre has a hollow structure which makes it unique
compared to other natural fibres [25]. The extremely wide lumen of MW fibres, which takes up
to 77% of the fibre volume and its thin cellulosic wall (approximately 1.3um), can potentially,
promote its absorption capacity [26,27]. However, this hollow lumen also gives MW fibres a
fluffy nature with a density of approximately 300 kg/m?® comparing to conventional SAP with
a dry density of around 1500 kg/m?3[55,199]. This is an important factor which need to be taken
into consideration for the application of MW fibres as a lightweight material. MW fibres, like
other lignocellulosic fibres, are composed of cellulose (39%), hemicellulose (36%), and lignin
(18%). However, other components such as waxes, pectin, and sugars are also present in small
amounts (<5%) in MW fibres [25]. As discussed in the previous paragraph, some of these

components are hydrophilic and can act as absorption sites for water molecules (mainly
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cellulose and hemicellulose), whereas others, like waxes, are hydrophobic. As a result, MW
fibres can be classified as an amphiphilic material that can exhibit both hydrophilic and
hydrophobic properties. For instance, Panahi et al. (2020) observed a superhydrophobic surface
with a contact angle of around 140° and up to 100 g/g of oil absorption capacity in MW fibres
[200]. Choi et al. (1992) also reported a crude oil sorption capacity of 40 g/g previously [201].
On the other hand, some studies have shown the high potential of MW fibres for water
absorption. For example, higher moisture regain has been reported for MW fibres in comparison
to cotton (11% vs 8%, respectively) [26,28,202]. In addition, it was observed that the unique
hollow channel in MW fibres can result in fast moisture absorption [199,203,204]. To the best
of the authors’ knowledge, there is only one study which has been done on the application of
MW fibres as an absorbent material. Kumar et al. (2020) assessed the moisture behaviour
properties of MW and MW/cotton blended sanitary napkins. They found out that the higher the
blend percentage of MW fibres, the greater the amount of liquid absorption, liquid retention
capacity, and liquid holding capacity under pressure of sanitary napkins [205].

Depending on the intended use of natural fibres, different pre-treatment processes may be used.
Alkaline treatment (also known as mercerization) is a popular treatment procedure for natural
lignocellulosic fibres [212,213]. Alkali treatment can remove and/or reduce lignin and
hemicellulose by changing the concentration and duration, which makes fibres increase their
surface roughness [214,215]. Hydrothermal treatment is also a simple way to reduce or remove
polysaccharides and impurities (such as waxes, pectin, and volatile compounds), from the
natural fibres and thus enhance their affinity to aqueous media [215-217]. This is done by
implementing hot water of 80 °C to 125 °C since most gums, tannins, starches, and sugars

dissolve in water within this temperature range [215].
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Size is another important factor in superabsorbents and can remarkably impact their hygroscopic
properties. Smaller absorbent particles reach their swelling equilibrium sooner, while their
absorption capacity is lower than the identical absorbent with larger dimensions [74].
Furthermore, the size of superabsorbents influences their water retention and release behaviour
[218,219]. Water retention of superabsorbents is projected to decrease with finer particle sizes,
resulting in a higher release rate. [220].

This study aims to study the hygroscopic properties of MW fibres for their use in superabsorbent
applications. The influences of fibre length and pre-treatment methods on hygroscopic
properties of MW fibres are investigated. Pre-treatments involve the hydrothermal (HT) and
hybrid treatments (HY, i.e., the combination of the hydrothermal and alkaline treatments). The
effect of each pre-treatment on the morphological change and chemical composition of MW

fibres is thoroughly studied using SEM, BET, FTIR, and XRD.
3.2 Material and Methods

3.2.1 Materials

Milkweed fibre (MW) batches were provided by Protecstyle, Quebec, Canada. All chemical
products were purchased from Sigma-Aldrich. Whatman Grade 4 filter paper also purchased
from Cytiva.

3.2.2 Fibres Size Gradation:

To investigate the effect of size on hygroscopic properties of MW fibres, size reduction of the
fibres was conducted through both grinding and sieving. Size reduction is beneficial in
preventing the entanglement of long fibres and studying the behaviour of individual fibres rather
than entangled bundles. Size reduction was made through intermittent grinding and sieving

cycles. The grinding was done with a blade grinder for 10 seconds. After grinding, sieves No.
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25 and No. 60 (with a mesh size of 710 pm and 250 pm, respectively) were used to grade the
fibres. The sieving process was done with an electrical sieving apparatus for 5 minutes.
Therefore, two grades of fibre length were obtained, including fibres retained on sieve No. 60
and fibres passed through sieve No. 60, designated as L60, and S60, respectively. Particle size
analysis was implemented using SEM images in low magnification mode. ImageJ software was
used to analyze SEM images, which involved measuring the length of at least 500 unique fibres
for each size range.

3.2.3 Fibre Pre-treatments

Two types of pre-treatments were conducted to study their ability to remove hydrophobic
components from MW fibres and subsequently improve their hydrophilicity. The hydrothermal
treatment was done by soaking and stirring MW fibres in boiling water for 2 hours. The water
temperature was monitored to be at least 90+2°C during the treatment. The HY treatment, which
involves the hydrothermal treatment followed by the alkaline treatment, was also studied. The
alkaline treatment was conducted by soaking and stirring MW fibres in 5 wt.% NaOH solution
at room temperature for 15 min. Afterwards, in all pre-treatments, samples were removed,
washed thoroughly with distilled water and oven-dried at 85 £2°C for 24 hours.

3.2.4 Fibre Hygroscopic Properties

The moisture content of the as-received MW fibres was determined through weighing, oven-
drying, and re-weighing procedures similar to ASTM D2495-07. Five samples of 0.5 gr MW
fibres were placed in the oven at 85°C+2°C and regularly weighed until the mass became
constant. The moisture content (MC) of the as-received MW fibres were determined to be

approximately 8%. The required time for complete removal of the MW fibres’ moisture was
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recorded and used for drying the specimens before characterizing hygroscopic properties of the
fibres.

Water Absorption Capacity

Figure 3.2 depicts the overall procedure for determining the hygroscopic characteristics of MW
fibres. Water absorption capacity was measured by immersing the MW fibres in distilled water
using a magnetic stirrer set at 700 rpm. Milkweed fibres were immersed and stirred for various
durations, i.e., 5 min, 30 min, and 1 hr and their absorption capacity were measured through a
filtration method using the Whatman 4 filter. The filter was saturated prior to the filtration to
ensure it didn’t influence the water absorption measurements. The filtration process continued
until the interval between the successive drops became at least 1 min. The water absorption

capacity (AC) was calculated as follows (Equation 3.1):

(my —m3)

AC (9/9) = m, Equation 3.1

Where mz is the initial oven-dried fibres mass, mz is the initial mass of water, and ms is the

filtered water. All the measurements were performed for five replicates.
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Figure 3.2. Schematic view of the main steps in the measurement of the hygroscopic
properties of MW fibres
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Applying an external force to establish immersion state is necessary due to the entrapped air
inside the lumen. For example, the conventional teabag method [221] was not successful when
the authors attempted to measure the behaviour of MW fibres' absorption during the preliminary
trials. In fact, the reason the entrapped air stays inside the lumen is the morphology and the size
of the lumen. Although improving the hydrophilicity of fibres may increase the capillary
pressure, this increase is not high enough to expel the entrapped air and thus fibres will not be
submerged in water. Therefore, an extra centrifugal force is needed to replace air with water.
Water Release Rate

Water release rate (WRR) of treated and non-treated (N) fibres were determined directly
following the absorption capacity tests. Following the filtration process, the filter paper,
together with the fibres that remained on the filter, were weighed and recorded as ma4. In the
next step, they were placed in a humidity chamber and exposed to a dry environment of 38+1°C
and RH of 20+1%, and the weight of the filter containing the fibres was recorded as ms every
15 min. However, to avoid counting in the amount of water absorbed on the filter papers during
this test, the weight of ten individual saturated filter papers (without any fibres) was recorded
each 15 min while exposed to the dry environment in the humidity chamber (i.e., 38+1°C and
RH of 20+1%). The obtained data was then used to be subtracted from the recorded values of

the primary test. WRR was then calculated with Equation 3.2.

m; —m
WRR(%) = 4—ms x 100
1

my — Equation 3.2

Where ms is the mass of saturated fibre obtained just after water absorption capacity test, ms is
the mass of fibre after each time exposed to the humidity chamber environment, and mz is the

initial oven-dried fibre mass.
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3.3 Characterizations

3.3.1 Morphology and Specific Surface Area

A scanning electron microscopy (SEM) JEOL JSM-7500F was used to study the size
classification of MW fibres. The SEM images were taken using a lower secondary electron
(LEI) detector with a 3 kV acceleration voltage. In addition, the effect of different treatment
methods on the morphology of MW fibres was also observed by SEM. The Brunauer—Emmett—
Teller (BET) surface area analysis of MW fibres was performed with a Micromeritics Gemini
V11 - 2390t using ultra-high purity liquid nitrogen. Fifteen samples were used for SEM analysis,
and three samples were used for BET analysis for each specimen.

3.3.2 Chemical Composition

FT-IR Spectrometer in attenuated total reflectance mode (Thermo Fischer, Nicolet 6700) was
used for FTIR analyses of MW fibres after each treatment method. The spectra were acquired

between 400 and 4000 cm™! with a resolution of 2 cm™! at room temperature. The average

spectrum was then calculated from five samples tested for each specimen.

The crystallinity modifications of MW fibres (after treatments) were studied using X-ray
diffraction (XRD). A Rigaku Ultima IV X-ray diffractometer with a sealed tube Cu K source
was used for the XRD experiment. For each sample, the crystallinity index was computed using
the Segal technique [222] and the Area method [223]. The Segal technique uses Equation 3.3
to compute the crystallinity index (CI) of a material based on the intensity of peaks in the
crystalline and amorphous regions. The area method also calculates the crystallinity index from

the integral area of the (002) reflection over the total area.
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Iyop — I
CI(%) = Mx 100

002 Equation 3.3

In this equation, I, is defined as the maximum intensity of the crystalline (002), which appears
at 26 = 22° while I, is the minimum intensity of the amorphous region occurs at 26 = 18°.
The deconvolution of XRD spectra for MW fibres was acquired using Gaussian function [224].
3.3.3 Statistical Analysis

Statistical analyses were performed to confirm the influence of each treatment method on the
hygroscopic properties of MW fibres. Since the population of samples was less than 30 samples,
p-values were calculated in Microsoft Excel using a one-tailed hypothesis from T score results.

T-scores were calculated using the formula below (Equation 3.4):

Ha — Up

Tscore =

2 2
%94 4 9% Equation 3.4
ny MNpg
Where u, and pg are the mean values of samples A and B, o, and o are the standard deviations
of the samples and n, and ng represents the number of tests specimens in each condition. If the
calculated p-value for a test was less than 0.05, the result was considered statistically significant.
The results of statistical analysis of hygroscopic property measurements are presented in

Appendices.
3.4 Results and Discussion

3.4.1 Particle Size Distribution
Microscopy-based technique such the SEM image analysis is a powerful tool for particle size

characterization because it enables direct size measurement and morphology analysis [225]. The
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size distribution of each grade of the ground and sieved MW fibres is measured by SEM image
analyses and presented in Table 3.1. The as-received MW fibres exhibited a vast range of fibre
lengths between 60 pm and 1000 pum. The high variation in the fibre length of as-received MW
fibres was noticeable in their elevated standard deviation which is equal to 224 um. The d (0.9)
of the as-received sample was revealed to be approximately 484 um. The d (0.9) value
represents the size in which 90% of the sample is lower than this size. The reduction in the size
of the fibres through the grinding and sieving processes resulted in a narrower range of fibre
size for L60 and S60, with d (0.9) value of 331 um and 236 um, respectively. Furthermore, the
L60 and S60 samples with standard deviation values of 153 pm and 96 pm, respectively,
showed that the graded samples had a more uniform size distribution than the as-received fibres.

Table 3.1. Size classification of MW fibres by SEM image analyses

Sample d (0.9) SD

As received 484 um £ 224 um
L60 331 pm =153 um
S60 236 pm £ 96 um

3.4.2 Effect of Treatments on Morphology and Surface Area of Milkweed Fibres

In Figure 3.3, SEM micrographs depict the morphological changes in MW fibres after the HT
and HY treatments. Figure 3.3 (a, b) demonstrate the N-MW fibres with a hollow structure and
smooth surface. The presence of smooth protrusions on the surface of the N-MW fibres could
be the trace of wax debris. The debris was removed after the hydrothermal treatment, resulting
in a smoother surface with fewer protrusions (Figure 3.3 (d)). The hydrothermal treatment had
no significant impact on the morphology of MW fibres, and the fibres were able to maintain
their hollow structure, revealed in the SEM micrograph (Figure 3.3 (c)). However, drastic
morphological changes were observed in MW fibres followed by the HY treatment (Figure 3.3
(e, f)). The SEM micrographs revealed prominent morphological changes in the HY samples.
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The samples no longer exhibited, a hollow structure and exhibited some defects on their surface.
This finding is related to the dissolution of lignin and hemicellulose (i.e., the matrix for cellulose
microfibrils in lignocellulosic fibres) that decrease the fibre strength against the radial recoil

[226].

Figure 3.3. SEM images of as-received milkweed fibres (a, b), after hydrothermal treatment
(c, d), and after hybrid treatment (e, f)

The specific surface area was measured and compared with the N-MW fibres (Table 3.2). The
BET surface area of the N-MW fibres was computed as 2.3 m?/g. However, the HT-MW fibres
showed a smaller value of 2.1 m?/g. As observed in SEM images, hydrothermal treatment only
affects the surface of MW fibres and removes protrusions from the surface of MW fibres, which
is reflected in their slightly lower BET surface area. On the contrary, for the HY-MW fibres,
the removal of lignin and hemicellulose during alkaline treatment resulted in a remarkably
greater BET surface area of 3.3 m?/g.

Table 3.2. BET surface area of the non-treated and treated MW fibres

Sample Non-treated (N) Hydrothermal (HT) Hybrid (HY)
BET surfaces area (m?/g) 2.3+0.5 2.1+0.4 3.3+0.3
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3.4.3 Effect of Treatments on Chemical Composition of Milkweed Fibres

In this section, first, FTIR and XRD analyses of the N-MW fibres will be discussed in detail.
Following sections discuss the effect of each pre-treatment method on the composition and
crystallinity of MW fibres.

Non-treated Milkweed Fibres

Figure 3.4 shows the FTIR spectra of the N-MW fibres. The FTIR spectra were normalized to
the 1035 cm™* peak. According to the literature, the absorption peaks between 3400 and 3200
cmtin the functional region, and 1035 cm™ in the fingerprint region are characteristic peaks of
general cellulose, attributing to O-H stretching and C-O stretching, respectively [227,228]. The

absorption peak at 1735 cm™! is mainly due to the C=0 stretching vibration of the carboxylic

acid in hemicellulose of MW fibres [227]. The main peaks associated with lignin also can be
found in several wavebands such as 1595, 1505, and 1238 cm™* [25]. Although the identification
of the three main components of lignocellulosic fibres (i.e., cellulose, hemicellulose, and lignin)
using FTIR has been well-documented in the literature, the characterization of waxes and pectin
has still remained challenging. However, Richard et al. (2019) were able to extract waxes from
MW fibres and characterize its FTIR spectra [25]. One of the characteristic peaks of the
extracted wax from MW fibres is located near 2916 cm™*, which corresponds to the asymmetric
and symmetric aliphatic CH2 and CHs stretching [229,230]. In addition, this wax is
characterized by another peak at 2850 cm™ corresponding to C-H stretching mode [25]. The
same absorption peaks at 2850 cm-*and 2920 cm-*also reported for greases and polysaccharides
in flax fibres, respectively [231]. The following sections (i.e., 3.3.2 and 3.3.3), discuss the

influence of each treatment method on the removal of the aforementioned components.
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Figure 3.4. FTIR analysis of milkweed fibres with different treatments
X-ray diffraction (XRD) is a technique implemented to assess the crystallinity degree of
material. Among the main components of a lignocellulosic fibre, cellulose is semicrystalline,
whereas lignin and hemicellulose are non-crystalline [232,233]. Figure 3.5 shows the X-ray
diffractograms of non-treated and treated MW fibres. The diffractograms indicate that the main
crystalline peak that appeared at approximately 26 = 22.1° corresponds to the cellulose
crystallographic plane (002) (Figure 3.5, (a)). The other peak appeared as a single broad peak
between 15° and 16°, which can be recognized using peak deconvolution and separated into
two independent peaks at 14.8° and 16.9°, representing (110) and (110), respectively. These
two peaks are cellulose type | peaks that have been smeared due to the presence of (012) peak
at 20.9° (Figure 3.5, (b)). In fact, when the amorphous content of the fibre (hemicellulose, lignin,
pectin, and amorphous cellulose) is substantial, these two peaks (i.e., 14.8° and 16.9°) combine

to form a single broad peak [234]. Crystallinity indices (CI) were calculated based on the Segal
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method as well as area method (i.e., the integral area of the (002) reflection over the total area)

and presented in Table 3.3 [235].
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Figure 3.5. X-ray diffraction curves of non-treated and treated milkweed fibres (a), and peak
deconvolution of non-treated milkweed fibre

Table 3.3. Cl (%) of milkweed fibres with different treatment methods

Sample Non-treated Hydrothermal Hybrid

Segal 45 47 63
Area 53 54 64

Hydrothermally Treated Milkweed Fibres

Treatment of natural fibres with hot water is a non-aggressive approach for removing non-
cellulosic components from the fibre [236]. In addition, hydrothermal treatment is an easy and
low-cost method that produces no toxic by-products and is thus an environmentally friendly
approach. The most prominent change after hydrothermal treatment is the removal of wax,
which was congruent with the disappearance of two FTIR peaks at two peaks at 2850 cm™and
2916 cm™* (magnified in the top left of Figure 3.4). As discussed earlier, these two peaks are the
main characteristic peaks of waxes in MW fibres which is attributed to the asymmetric and

symmetric stretching of the CHz-group mainly due to the presence of the aliphatic hydrocarbon
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in waxes [25,230,237]. Therefore, the FTIR results revealed that the hydrothermal treatment of
MW fibres removed a significant amount of wax from the surface of MW fibres.

X-ray diffractograms demonstrated that the Segal crystallinity index (CI) for MW fibres slightly
improved to 47% after hydrothermal treatment, compared to 45% for the N-MW fibres. The
same increase was seen using the Area technique, with a N-MW fibre having a crystallinity
index of 53% compared to 54% for a HT-MW fibre. The removal or reduction of amorphous
matters such as waxes and pectin can be linked to the greater crystallinity of MW fibres after
hydrothermal treatment [238]. In other words, the hydrothermal treatment could gently remove
waxes and pectin but not the major components, preserving the MW fibres' primary hollow
structure. The FTIR spectra also confirmed that there were no significant changes in the bands
of cellulose, hemicellulose, and lignin.

Hybrid Treated Milkweed Fibres

The HY treatment is the hydrothermal treatment followed by 15 minutes of alkaline treatment.
Alkaline treatment is one of the most widely used methods for the treatment of natural fibres
[239,240]. Basically, an alkaline treatment is able to remove all non-cellulose components
except waxes [241,242]. In addition to the removal of waxes, which was observed in the HT-
MW fibres, the main changes in the FTIR spectra of the HY-MW fibres are the removal of
peaks at 1735 cm™ and 1238 cm corresponding to hemicellulose and lignin, respectively.
These alterations are attributed to the alkaline treatment. The absence of a peak near 1735 cm-?
corresponding to carbonyl group (C=0) stretching was mainly due to extracting hemicellulose
and lignin. When compared to the non-tread fibres, the partial removal of lignin was likewise
consistent with a considerable drop in the intensity of the peak at 1238 cm. The band at 1238

cm ! appeared to be the C-O stretching vibration in the lignin of MW fibres [243]. Furthermore,
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the elimination of the shoulder peak at 970 cm* (=C-H- deformation) was another indication of
the removal of hemicellulose [25].

The removal or reduction of lignin and hemicellulose followed by the HY treatment was
confirmed the XRD analyses, revealing the higher CI. Figure 3.5 shows that the HY sample had
the most substantial rise in the intensity of the (002) plane, which is primarily attributable to
alkali treatment. The CI of the HY sample increased to 64% compared to the N sample
(C1:53%), according to the area technique. This finding is congruous with the previous
literatures that reported increased crystallinity of natural fibres after exposure to alkaline
solution [244]. The alkaline treatment decreases non-crystalline elements (lignin and
hemicellulose) and allows more cellulose to be exposed, resulting in a higher crystallinity index

value.

3.4.4 Hygroscopic Properties of Milkweed Fibres

Water Absorption Capacity (AC)

The influence of different stirring times on the water absorption capacity of MW fibres of each
treatment method and size gradation was investigated and shown in Figure 3.6.

Effect of size

Fibre length can have a huge impact on water absorption capacity. For an extremely hollow
fibre like MW, the effect of length is even more pronounced. MW fibres with longer lengths
can contain more entrapped air than those with shorter lengths when they are plunged into water.
The water absorption capacity of S60 MW fibres did not vary considerably when the stirring
time increased or when the treatments were applied (See Appendices, which shows insignificant
difference between the groups of S60 MW fibres). This indicated that after the first 5 minutes,
S60 MW fibres had almost reached their maximum absorption capacity, and that continued

immersion in water would not enhance the amount of water absorbed. In other words, due to
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less entrapped air in their hollow structure, shorter MW fibres, i.e., S60, reached their full
absorption capacity sooner. It has been reported that cotton can absorb water up to 24-27 times
its own weight. For the S60 MW fibres which are not prone to interlocking and establishing 3D-
scaffolding, the absorption capacity of treated fibres is between 25+4 g/g and 41+2 g/g [245].

Furthermore, the L60 sample had a higher water absorption capacity than the S60 sample, with
the exception of a 5-minute stirred N sample. The same phenomenon was observed for SAP as
well, where smaller particle sizes exhibited lower absorption capacity because they reached
swelling equilibrium faster than the identical SAP type with larger particles [73,74]. The higher
water absorption capacity of L60 samples compared to S60 samples could be due to the
entanglement of long L60 fibres. In other words, since the L60 sample has longer fibres, they
may become entangled and form a 3D scaffold. This system provided an additional space to
store extra water between the individual fibres and increased the water absorption capacity.
Besides, for non-treated L60 MW fibres, the results showed that the prolonged stirring helped

the release of entrapped air in the long lumen and enhanced their water absorption capacity.
Effect of treatments

As the graphs demonstrate, the absorption capacity for the N-MW fibres is approximately 59
+8 g/g, which is obtained after 60 minutes. The HT-MW and HY-MW increased the maximum
absorption capacity to 66+3 g/g and 765 g/g, respectively. The results revealed that only after
5 minutes of stirring, hydrothermal treatment and hybrid treatment enhanced the water
absorption capacity of the N-MW fibres from 18 +4 g/g to 54+4 g/g and 50£1 g/g, respectively.
Regardless of stirring duration, the pre-treatments were able to enhance the water absorption
rate of the fibres by removing the hydrophobic components like wax and lignin. In addition to

enhanced hydrophilicity, this could be due to a larger induced capillary pressure (P.,,) in the

lumen of the HT-MW fibres, as stated in the previous section. In other words, the pre-treatments
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made the fibres’ interior walls more hydrophilic and thus decreased the water contact angle
inside the lumen. Young’s equation (Equation 3.5) explains how a decrease in contact angle
leads to a higher P4, In fact, the more hydrophilic fibres are, the higher positive capillary

pressure is that will add up to the centrifugal forces and help fill in the lumens with water.

_ 2y coscos @
Peap = r Equation 3.5

Where y;,, is liquid surface free energy, 6 is the water contact angle, and r is the radius of
capillary.

As shown in Figure 3.6, the impact of centrifugal force on treated fibres is significantly lower
when compared with the N-MW fibres. In other words, the treatment made the MW fibre more
hydrophilic, resulting in higher absorption rates and thus they absorbed a major portion of water
within only 5 minutes. For instance, the increase in the absorption capacity when the stirring
duration is increased from 5 to 60 minutes is 227% for the N samples compared to 52% for the
HY-MW fibres. This value is 24% for the HT-MW fibres. However, longer duration of
centrifugal forces helped to increase the absorption capacity of MW fibres primarily in two
ways. First, expulsion of the air entrapped from the lumens, which facilitated the water ingress
into the lumen of MW fibres. The storage of water within the 3D-sacffolding network of long
fibres is the second mechanism that causes an increase in water absorption capacity by
increasing the stirring duration. While the first mechanism is especially true for the N-MW and

HT-MW fibres with intact lumens, the latter is the primary mechanism for HY samples.
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Figure 3.6. Water absorption capacity of milkweed fibres with different treatment methods
after different stirring durations, for size classifications of L60 (left) and S60 (right)

Water Release Rate (WRR)

Water release rate is an essential factor in evaluating the efficacy of superabsorbent materials.

The fibres were immersed in water and stirred for 5 minutes before measuring the WRR. The

effect of each pre-treatment method on the water release rate of MW fibres is shown in Figure

3.7 for the L60 and S60 samples. It is worth mentioning that MW fibres samples with the stirring

durations of 30 min and 60 min exhibited almost the same desorption behaviour as 5 min stirring

and were so excluded from the graph. However, the complete results for all durations of stirring

are

also presented in Appendix, Figure AP.1.
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Figure 3.7. Effect of pre-treatments on the water release rate of milkweed fibre after 5 minutes
of stirring, for size gradation of L60 (left) and S60 (right)
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The result showed that the HT-MW fibres released their water content over a longer period than
the N- and HY-MW fibres. The HT-MW fibres gradually released their absorbed water content
over 180 minutes for L60 size and 135 minutes for S60 size. Furthermore, for the HT-MW
fibres, when L60 fibres were compared to S60 fibres, it was observed that the longer fibres were
able to hold their absorbed water content for a longer period of time. However, for the N-MW
fibres and HY-MW, the water release rate of L60 fibres was faster than S60 fibre. For instance,
L60 hybrid treated fibres release 90% of their water in 55min while this value for S60 fibres
with the same treatment was 68min.

The statistically significant difference in the water release behaviour of the HT-MW fibres
relative to the N-MW fibres can be justified by their enhanced hydrophilicity due to the removal
of wax from the surface of MW fibres. The enhanced hydrophilicity of the HT-MW fibres can
help to improve water retention property through two mechanisms. First, the fibres become
more hydrophilic and since the fibre morphology remains intact, water absorption can take place
by entering the lumen due to high capillary pressure. Secondly, the removal of waxes from the
surface, led to greater water storage while fibres are entangled. However, the dramatic
morphological changes results in a dramatic decrease in the water retention capacity of the HY -
MW fibres (see Figure 3.8 that shows the formation of holes and defects). In other words, the
alkaline treatment part of the HY pre-treatment caused permanent morphological changes that
diminished their water release behaviour by allowing water to ooze out from the holes and
defects. This indicates that the damaged lumen in the HY samples is no longer able to hold
water inside the lumen. Consequently, a high percent of absorbed water is kept between the
entangled fibres, as confirmed by the higher water release rate of L60 fibres comparing to S60

fibres.
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Figure 3.8. SEM micrographs showing the holes and defects in the hybrid-treated MW fibres

3.5 Conclusions

This study focused on the influence of pre-treatments and size distribution on the hygroscopic
properties of MW fibres. In addition, the effect of pre-treatments, including hydrothermal
treatment and hybrid treatment, on the morphology, chemical composition, crystallinity, and
thermal stability of MW fibres was investigated.

The study revealed that the hydrothermal treatment could be a simple and low-cost method to
remove the waxes from MW fibres while maintaining the hollow structure of the fibre. As a
result of the removal of waxes, the hygroscopic properties of MW fibres improved significantly
compared to the N-MW fibres. In addition, SEM micrographs also confirmed that the
hydrothermal treatment could gently remove waxes and other impurities from the surface of
MW fibres without causing any damage to its unique hollow structure.

Conversely, the HY pre-treatment led to a drastic morphological change of MW fibres due to
the removal of lignin and hemicellulose. Although HY treatment resulted in enhanced water
absorption capacity comparable to the HT-MW fibres, they demonstrated an inferior water

retention behaviour compared to the HT samples. In other words, the defects and holes in the
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MW fibre surface and the removal of hemicellulose after the HY treatment resulted in a
significant reduction in their water retention property.

Besides, the results showed that MW fibres with larger lengths (i.e., L60) exhibited higher water
absorption capacity and better water retention property. The smaller MW fibres (i.e., S60)
provided a limited absorption capacity and released the absorbed water faster comparing to
larger MW fibres.

The comprehensive analysis and findings of this study support the feasibility of using MW
fibres as a superabsorbent after removing hydrophobic substances using proper pre-treatment
methods, especially hydrothermal treatment. As a result, the next step of the study will look into
the application of MW fibres as superabsorbent materials, specifically for use as an internal

curing agent in cement-based materials.
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Chapter 4 Enhancing Hydration and Internal Curing in
Cementitious Mixes: The Impact of Pre-Treated Milkweed Fibres?

Amirmohammad Sabziparvar 2, Donato Taleponga®, M. Reza Foruzanmehr 2
aDept. of Civil Engineering, University of Ottawa, 161 Louis Pasteur St., Ottawa, Ontario
K1N 6N5, Canada.
b Center of Innovative Technology and Ecodesign (CITE), University of Sherbrooke,
Sherbrooke, Quebec J1K 2R1, Canada.
Abstract

This study investigates the internal curing effects of milkweed fibres (MW) in Portland cement
mixes, exploring different dosage levels and pre-treatment methods. The study first assessed
the impact of MW fibres on the effective w/b through rheological measurements, enabling
accurate comparisons of samples with identical effective w/b. Both MW fibre pre-treatments
and dosages were found to impact the effective w/b in the mixes, leading to the categorization
of MW fibre-incorporated samples into three groups based on their effective w/b. In the
subsequent phase, the internal curing effect and hydration characteristics of cementitious mixes
were evaluated with varying dosages of MW fibres. Optimal internal curing performance was
achieved with 0.1% pre-treated MW fibres compared to 0.2%, resulting in up to a 17%
improvement in the degree of hydration compared to the reference sample with the same
effective w/b. This showed the adverse effect of higher MW dosage due to the reduction in the
free water availability and higher leaching of extractives, which further intensified the hindrance

of the hydration process. Furthermore, microstructure analyses, including TGA/DTG, XRD,

2 A version of this chapter is published in Journal of Case Studies in Construction Materials
(https://doi.org/10.1016/j.cscm.2024.e03079)

The paper is the own work of the candidate; author Donato Taleponga contributed to the preparation of samples
for SEM and isothermal calorimetry.
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and SEM-EDS, of cementitious mixes incorporating MW fibres confirmed that the inclusion of
0.1% hybrid and hydrothermally-treated MW fibres resulted in a higher formation of hydration
products. This is achieved by providing an adequate amount of free water for the initial reaction
of cement hydration and entrained water in the lumen for the subsequent internal curing. These
findings show the effectiveness and suitability of using pre-treated MW fibres for internal
curing applications, as validated by the comprehensive analyses conducted in this study.

Keywords: Milkweed fibres; Internal Curing; Hydration; Rheology; Superabsorbent
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4.1 Introduction

Cementitious composites with low water-to-binder ratio (w/b < 0.4) exhibit a significant
susceptibility to early-age cracking, primarily attributed to autogenous shrinkage and self-
desiccation of the paste. Conventional curing techniques are insufficient for mitigating early-
age cracking in low w/b mixes. This is due to the lower porosity (i.e., limited permeability) of
PC pastes with low w/b [246]. Among the proposed methods for minimizing the self-desiccation
of the pastes, internal curing has been effective in preventing early-age cracking [7—10]. In this
method, internal curing agents such as SAP are used to maintain the internal humidity beyond
the self-desiccation threshold of the pastes [11-13]. They can internally cure cementitious
materials and serve as small water reservoirs spatially dispersed throughout the fresh cement
pastes with low w/b. In other words, when the internal humidity of cement mixes drops below
the desiccation threshold SAP begin gradually delivering their adsorbed water to the anhydrous
cement particles. This elevates internal humidity, improves hydration, and effectively mitigates
self-desiccation in the cement matrix, thereby reducing the risk of early-age cracking caused by
autogenous shrinkage [16,17]. However, because SAP are petroleum-based compounds made
from the non-renewable material polyacrylate, they increase the HPC's carbon footprint [18].
Hence, researchers and industries have been investigating the development of more sustainable
alternatives.

In recent years, lignocellulosic materials such as abaca fibres, pulp fibres, Kenaf fibres,
Lechuguilla fibres, and cellulose filaments have been the subject of numerous studies as
sustainable internal curing alternatives to SAP [20,21,23,34,63,64,163]. For instance, the
incorporation of 2% wt. of abaca fibres has demonstrated a substantial reduction of

approximately 93% at age of 192 h in the autogenous shrinkage of cementitious mixes with a
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w/b of 0.30 [21]. Compared to cellulose nanocrystals (CNC), cellulose nanofibrils (CNF), and
cellulose microfibrils (CMF), hollow natural fibres are readily available across various regions
worldwide, often at minimal or no cost, and possess carbon sequestration capabilities. Recent
studies have highlighted that the carbon dioxide emissions associated with producing CNC,
CNF, and CMF can exceed those of PC. Despite earlier assertions that CNC and CNF are
environmentally friendly or carbon-neutral, further research has indicated significant
greenhouse gas (GHG) emissions during their production, largely due to the prevalent use of
acid hydrolysis in both commercial and research settings [247]. In contrast, hollow natural fibres
demonstrate comparable hygroscopic properties, which can be further improved through cost-
effective and low-carbon footprint pre-treatments, such as hydrothermal and alkali treatments.
Natural fibres are typically categorized into three main groups based on the part of the plant
from which they are harvested: bast fibres, seed fibres, and leaf fibres. Milkweed (MW) fibres,
which fall into the second category, are white silky fibres extracted from the seeds of the
milkweed plant which is native to North America. However, milkweed plants are also found in
other countries, such as China and Iran, where they are known as Akund and Estabragh,
respectively. They can grow in a wide range of soil conditions and are commonly found along
roadsides, fields, meadows, and waste areas [24]. MW fibres have a hollow structure with an
extremely wide lumen taking up to 77% of the fibre volume and thin wall, which makes it
unique compared to other natural fibres [25-27]. The chemical composition and morphology of
MW fibres may vary greatly depending on their origin, type, and size. The authors have recently
demonstrated that pre-treatments can also alter the chemical composition and morphology of

MW fibres in favour of developing sustainable superabsorbent materials [248].

90



Despite their good hygroscopic behaviour, it's essential to acknowledge that natural fibres may
present compatibility challenges when incorporated into cementitious matrices, and these
should be carefully addressed before using them as internal curing agents. Initially, the
hydrophilic nature of natural fibres can cause them to absorb part of the mix design water, which
can compromise the rheological properties of cementitious mixes [63,249]. Secondly, the
alkaline environment within cementitious matrices can induce the degradation of lignocellulosic
materials, resulting in the release of leachates that may impede cement hydration, causing delays
in the process [165,172-176,250].

In the initial phase of this study, we examined the impact of non-treated and treated MW fibres
on the w/b in the resulting cement mixtures by implementing rheological measurements using
a rheometer. Key rheological parameters, including yield stress, viscosity, and thixotropic
behaviour were examined for precise measurements. The outcomes allowed us to determine the
effective w/b, a vital parameter for more accurate subsequent assessment and comparison of
samples with identical effective w/b in the subsequent section of the study—specifically,
isothermal calorimetry. Moreover, the second objective of this study is to identify the
appropriate pre-treatment conditions and content, ensuring the most effective internal curing
while minimizing adverse effects on the rheological properties and hydration Kinetics of
General-use (GU) Portland cement paste. The pre-treatments of MW fibres include a
hydrothermal treatment and a hybrid treatment. The later included an additional alkaline process
in comparison with the former. Two different dosages of MW fibres, specifically 0.1% and
0.2% by weight of cement, were employed. Furthermore, a comprehensive analysis of how MW

fibres affect the evolution of the hydration products was conducted using thermogravimetric
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analysis (TGA/DTG), X-ray Powder Diffraction (XRD), and Scanning Electron Microscopy

(SEM).
4.2 Materials and Methods

4.2.1 Materials

GU cement obtained from Colacem Canada with a specific gravity of 3.17 and Blaine fineness
of 383 m?/kg was used in this study. The chemical and mineral compositions of the cement
determined by X-ray fluorescence (XRF) and X-ray diffraction/Rietveld analysis, respectively,
are outlined in Table 4.1 The MasterGlenium 7500 superplasticizer (SP), supplied from Master
Builders Solutions, was used to modify the consistency of the cementitious mixes. The full-
range water-reducing admixture MasterGlenium 7500 is based on polycarboxylates and
complies with ASTM C 494/C 494M for Type A water-reducing admixtures and Type F high-
range water-reducing admixtures. Sodium hydroxide used for the alkaline treatment of MW
fibres was also purchased from Sigma-Aldrich.

Table 4.1. Chemical and mineral Composition of cement (wt.%)

Chemical Composition (%)

CaO0 SiO, AlL,Os Fe,0s MgO KO NaO Loss on ignition

6285 19.78 492 224 233 1.08 0.26 2.84

Mineral Composition (%)

CsS C.S C:A C.AF

53.0 14.3 7.4 6

Protecstyle, Quebec, Canada supplied this research with MW Floss fibres. In this study, MW
fibres were ground and sieved to meet S60 gradation criterion. S60 stands for 90% of the fibres

passing through sieve #60 and having a length less than 236 pum + 96 um. Three different
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conditions of MW fibres were studied: N-MW fibres, HT-MW fibres, and HY-MW fibres. The
HT-MW fibres were obtained after soaking them in boiling water for 2 hours. And the HY-MW
fibres were subjected to a hydrothermal treatment followed by an alkaline treatment. The
authors' previous study contains a detailed description of the pre-treatment process for MW
fibres [248]. The water absorption capacity of the N-MW, HT-MW, and HY-MW fibres were

reported to be 4145, 4142, and 3944 g/g, respectively [248].

4.2.2 Mix Proportions

Figure 4.1 depicts the correlation between the quantity of MW fibres needed for the internal
curing of cementitious mixes at different w/b. This graph was derived from Equation 2.5
developed by Bentz et al. for calculating the amount of LWA required for internal curing of a
cementitious mixes [251]. The average absorption capacity of different pre-treated S60 MW
fibres, assumed to be 40 g/g, was used to generate this graph, with dashed lines indicating
standard deviations from the authors' previous study [248]. The saturation level of the internal
curing agent (i.e., MW fibres) was assumed to be 1 as it is pre-soaked before mixing with
cement. Additionally, based on the Power’s model the chemical shrinkage (CS) was set at 0.07
g water/g cement, considering the use of only type I PC in this study [252]. The graph
demonstrates a linear increase up to a w/b of 0.36, as higher w/b correlate with heightened
degrees of hydration and chemical shrinkage. Consequently, omax iS estimated as (w/b)/0.36 for
w/b < 0.36. However, Bentz et al. proposed that a mixture with a w/b of 0.36 or higher can
achieve complete hydration under saturated conditions. Therefore, omax is set to amax=1 for 0.36
< w/b < 0.42, resulting in a constant amount of a required amount of internal curing agent for
mixes within this range. All in all, the recommended dosage for using MW fibres as internal

curing agents, based on the Bentz et al. model, falls within the range of 0.1% to 0.2% by weight
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of cement. Consequently, two distinct dosages of MW fibres, specifically 0.1% and 0.2% wit.
cement, were selected for use in this study to achieve a targeted w/b of 0.30. This specific w/b
ratio was selected for two reasons. First, as previously mentioned, it falls below the critical
threshold of 0.36, which is the minimum required w/b for complete hydration of cement.
Second, a w/b ratio of 0.30 is particularly suitable for observing the impact of MW fibres as
internal curing agent, as the autogenous shrinkage is significantly high in such low w/b. This
methodology aligns with a similar approach employed previously by Kawashima et al. [163]
for estimating the dosage of cellulose fibres.

0.25
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0.1 -

0.05 A

Required MW fibres (% wt. of cement)

0

024 0.26 0.28 0.3 032 034 036 038 04
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Figure 4.1. Required dosage of MW fibre (% wt. of cement) for internal curing of
cementitious mixes based on Equation 2.5

In addition, as a result of preliminary tests, the choice of a maximum of 0.2% for MW fibres
served as a threshold, allowing for effective dispersion during the pre-soaking process. Beyond
this point, the dispersion of MW fibres was compromised, leading to the formation of fibre

clumps and subsequent failure of the pre-soaking procedure.
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The mix proportions for the cement paste samples are listed in Table 4.2. For all MW fibre-
containing samples, the total w/b was set at 0.30. In addition to the reference sample which had
the same total w/b of 0.30 (i.e., REF30), another reference sample with a w/b of 0.28 was
prepared. The second reference sample (REFE28) was specifically employed to investigate into
the effective w/b of cementitious mixtures containing internal curing agents (MW fibres). The
MW fibres content was 0.1% and 0.2% by weight of GU cement. Using a magnetic stirrer set
at 500 rpm, natural fibres were pre-soaked in a mixture of total mixing water (distilled water)
and SP for one hour. According to our previous study, 1 hour is the approximate time required
to achieve the water uptake at saturation of the MW fibres [248]. In order to prepare the
rheological test samples, the suspension consisting of mixing water, MW fibres, and SP was
mixed with cement in accordance with the ASTM C305-14 [253].

For improved clarity in referencing samples both in the text and graphs, a specific designation
assigned to each sample. The sample designation consists of three sections; the first letter
denotes the type of fibres added to the cement paste, the first two numbers display two decimal
places for w/b, and the dashed number represents the first decimal place for the MW fibre weight
percentage. For instance, HT30_2 denotes a cement paste sample containing 0.2% of MW fibres
that have undergone hydrothermal treatment and has a total w/b of 0.30.

Table 4.2. Mix proportions of the control and MW-fibre cementitious pastes

Control cement pastes MW Fibre-cement pastes
REF28 REF30 N30_1, HT30_1, N30_2, HT30_2,
HY30_ 1 HY30_ 2
w/b=0.28 w/b=0.30 0.1% MW 0.2% MW
Cement () 100 100 100 100
Water (g) 28 30 30 30
MW fibre (g) - - 0.1 0.2
Total w/b 0.28 0.30 0.30 0.30
Superplasticizer (mL) 1 1 1 1
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4.2.3 Testing Procedure

Flow Rheology

Using an Anton Paar MCR 301 rotational rheometer, flow curve tests were obtained to examine
the time-dependent rheological behaviour of the cement paste samples as a result of MW fibres'
interaction with the matrix. A concentric cylinder geometry (28.9 mm inner diameter, 26.6 mm
outer dimension) was employed. Measurements were taken 10 minutes after mixing at a
constant temperature of 23 + 1 °C. The cement paste samples were pre-conditioned by shearing
them at 300 s for 1 minute and then resting for 2 minutes. The hysteresis flow curves are
obtained then by speeding up from 0 to 100 s and subsequently stepping down from 100 to O
s1. The Herschel Bulkley (H.B.) rheological model was chosen for analysis since it offered the
greatest R? values (R>>0.99) of data fitting to the experimental results compared to other models
like Bingham and Casson, demonstrating its suitability for representing shear rate-dependent
viscosity changes in cement paste mixes. In order to assess the statistical significance, five
samples were tested for rheological measurements.

Isothermal Calorimetry

An isothermal calorimetry test was performed to evaluate the effect of MW fibres on the heat
of hydration of cement paste following ASTM C1679-22. Isothermal calorimetry is a useful
tool for continuous measurement of the early stages of hydration when the heat release rate is
relatively high. The heat flow was measured by an 8-channel standard volume isothermal
calorimeter (TAM Air 8-channel instrument). The cement was mixed with the suspension
containing MW fibres, superplasticizer, and water for approximately 1 min in 20 mL plastic

(HDPE) closed ampoules and immediately placed in the calorimeter. The experiment was
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conducted over an 80-hour period at a constant temperature of 23°C. The induction period and
acceleration period were also determined based on the method suggested by Bai et al. [254].
X-ray Powder Diffraction (XRD)

The XRD tests were carried out using a Rigaku Ultima IV X-ray diffractometer that used a
sealed tube Cu Ka source. The data were collected by scanning the 20 range from 5° to 65° with
a 0.02° step size. To prepare the cement paste samples for testing, they were first ground with
a mortar and pestle, and then sieved through a #200 mesh to obtain a fine, uniform powder. The
hydration was then arrested by solvent exchange method and the solvent was subsequently
removed by evaporation using a vacuum desiccator. The same procedure was followed to
prepare the TGA test samples.

Thermogravimetric Analysis (TGA)

A Perkin Elmer TGA 4000 thermogravimetric analyzer was employed to obtain the weight loss
of cement paste samples. The samples were subjected to temperatures ranging from 30 °C to
995 °C, with a heating rate of 10°/min, and under a nitrogen environment. To ensure that the
effects of C-S-H dehydration were not present, the mass loss curve of CH was identified by
drawing extended lines from the onset to the end at the temperature of the inflection point. This
helped to accurately pinpoint the mass loss curve of CH without any interference from C-S-H
dehydration [255].

Scanning Electron Microscopy (SEM)

The microstructure analysis of cement paste samples incorporating MW fibres was conducted
using a Thermo Scientific Phenom XL scanning electron microscope (SEM) equipped with a
backscattered electron (BSE) detector. A 20 nm thick carbon coating was applied on each

sample prior to the test. This analysis was carried out at an accelerating voltage of 10 kV.
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Furthermore, polished samples were prepared for examining the elemental composition in the
interface of MW fibres and cement matrix using energy dispersive X-ray spectroscopy (EDS)
operating at accelerating voltage of 15 kV. Before evaluation, the hydration process of all

samples was halted by solvent exchange method using isopropanol.

4.2.4 Statistical Analysis
Statistical analyses were conducted to assess the effect of each type of fibres on the rheological
properties of cement paste samples. The statistical analysis was performed using Equation 4.1

to determine P-values from T-score results, which were based on a one-tailed hypothesis.
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Equation 4.1

The mean values of samples A and B are represented by p, and ug, respectively. The standard
deviations of the samples are denoted by o4 and o, while the number of tested specimens in
each condition is represented by n, and ng. A p-value less than 0.05 indicated a statistically
significant result. The supplementary material contains the results of the statistical analysis of

rheological behaviour measurements.
4.3 Results and Discussion

4.3.1 Effect of MW Fibres on the Effective w/b of Cement Paste Samples

The concepts of effective and total w/b are pivotal when evaluating samples with incorporated
internal curing agents. The effective w/b accounts for the total w/b minus the water absorbed
by internal curing agents (i.e., entrained w/b), ensuring the initial cementitious matrix resembles
one without the agents. Determining the precise effective w/b, or the actual water absorbed by

the internal curing agent in cement mixes, is challenging due to the complex nature of cement
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pore solution. However, in previous studies, the slump test served as a qualitative tool to assess
the slump loss resulting from the inclusion of internal curing agents [256-259]. Comparing
these results with plain cement mixes enabled the estimation of the approximate effective w/b
in mixes containing internal curing agents.

The yield stress and plastic viscosity values of the cement paste samples containing MW fibres
are presented in Table 4.3. Yield stress and plastic viscosity are key indicators, representing the
shear stress required to initiate flow and the material's resistance to flow once movement has
begun, respectively [260,261]. In this study, we refined the method of estimating the effective
w/b by measuring yield stress values using a rheometer. This approach was further validated
through viscosity values, ensuring a more precise and guantitative analysis. This method has
also been recently implemented by Ma et al. to establish a relation between effective w/b and
yield stress values [56]. In this method, the effective w/b in the cement paste samples
incorporating the MW fibres was determined by a two-step technique. First, yield stress values
of reference samples were obtained by a rheometer and then correlated against their w/b. Given
the narrow range of w/b (0.28 to 0.30), a linear relationship between w/b and yield stress was
deemed an accurate model, as shown in Figure 4.2. Then the effective w/b of the MW samples
were calculated and obtained by the first-order Newton interpolation method. To validate these
calculations, plastic viscosity values were measured, ensuring that MW-incorporated samples
share the same effective w/b and belong to the same group. This enhanced and quantitative
method provides a more realistic assessment of the internal curing effect of the MW fibres on
the cement paste. This becomes key when investigating the cement pastes’ degree of hydration

through the isothermal calorimetric analysis.
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Table 4.3. Yield stress and plastic viscosity values of cement paste samples

Mixture REF28 REF30 N30 1 HT301 HY30 1 N302 HT302 HY302
Yield stress 19.91 384+ 1111+ 1135+ 1584+ 1603+ 1593+ 1870+
(Pa) +0.85 0.36 1.80 2.01 1.21 2.12 1.62 1.75
Plastic viscosity 121+ 065+ 094+ 1.16 + 1.03 + 1.10 + 111+ 132+
(Pa.S) 0.08 0.06 0.11 0.11 0.10 0.11 0.07 0.02

As depicted in Figure 4.2, the inclusion of MW fibres led to an elevation in yield stress values
compared to the REF30 sample. This increase can be attributed to the absorption action of MW
fibres during the pre-soaking process, resulting in a clear reduction in the effective w/b of
cement mixes. As noted by Banfill, a lower w/b corresponds to higher yield stress values [262].
Based on the results obtained, the samples with MW fibres were categorized into three groups
based on their effective w/b: Gpl: HY30_2 with an effective w/b of 0.28, Gp2: HY30_1, N30_2,

and HT30_2 with an effective w/b of 0.285, and finally Gp3: N30_1 and HT30_1 with an

effective w/b of 0.29.
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Figure 4.2. Effect of MW fibres on the effective w/b of their corresponding cement paste
mixes. Error bars exhibit the standard deviations
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After determining the effective w/b of cementitious mixes containing MW fibres by
interpolating yield stress values in Figure 4.2, plastic viscosity values were compared for each
group with the same effective w/b, as depicted in Figure 4.3. This was done to verify that the
MW:-incorporated samples share the same effective w/b and belong to the same group. Given
the shear rate dependence in the Herschel-Bulkley model, a constant viscosity value cannot be
assumed. However, at high shear rates, viscosity tends to stabilize. Thus, the apparent viscosity
at the maximum shear rate in this study (i.e., ¥ = 100 s~1) is considered the plastic viscosity
of cement paste mixes [263]. In Figure 4.3, it is evident that all MW fibre-containing samples
have higher viscosity values than the REF30 sample with the same total w/b. When comparing
samples with the same effective w/b, the statistical analysis showed no significant differences.

This reaffirms the equality in effective w/b among the groups determined in the Figure 4.2.
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Figure 4.3. Viscosity changes of cement paste samples at different effective w/b

Figure 4.4 depicts the hysteresis flow curves of cement paste samples with and without the HY -
MW fibres. Since the other MW fibre-containing cement paste samples exhibited comparable

curves, only the comparison between the reference samples (REF28 and REF30) and the hybrid-
101



treated samples (HY30_1 and HY30_2) are shown in Figure 4.4, and the hysteresis areas of all
samples (calculated by the Rheocompass software) are presented in Figure 4.5. The flow
characteristics of the cement paste samples with MW fibres shifted toward those of the reference
samples with a lower w/b (i.e., 0.28), confirming a decrease in the effective w/b of the cement

paste.
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Figure 4.4. Effect of MW fibres on flow curve behaviour of cement paste

The hysteresis area, which is the area between the ascending and descending curves, provides a
valuable measure of the thixotropic behaviour and shows the structural breakdown and buildup
of mixtures as the shear rate varies. The reference mix with w/b=0.30 (REF30) showed the
smallest hysteresis area value since the additional water acts as a lubricant between the cement
particles, bringing the ascending and descending curves of each loop closer together [263].
Among samples with the same effective w/b, the only statistically significant difference was
observed in the HT30_2 sample (compared to N30_2 and HY30_1). This indicates that the
removal of the protective layer of waxes during hydrothermal treatment led to greater exposure
of lignin and hemicellulose to alkaline hydrolysis, resulting in higher leaching into the cement
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paste samples. Specifically, lignin is recognized as a plasticizing agent, playing a substantial
role in reducing hysteresis areas [264]. The amplified leaching of this plasticizing agent in the
HT30_2 sample resulted in a decrease in thixotropic structural build-up, evident through a

smaller hysteresis area [265].
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Figure 4.5. The hysteresis loop area of cement paste mixtures

In conclusion, despite maintaining a consistent total w/b of 0.30 across all specimens, the
introduction of MW fibres to PC paste resulted in a shift in their effective w/b, leading to three
distinct categories based on this ratio: Gpl (HY30_2) with an effective w/b of 0.28, Gp2
(HY30_1, N30_2, and HT30_2) with an effective w/b of 0.285, and finally Gp3 (N30_1 and
HT30_1) with an effective w/b of 0.29. Subsequently, for the following study sections,
comparisons will be conducted among samples with identical effective w/b. This approach

ensures a more realistic assessment of the internal curing efficiency of MW fibres.

4.3.2 Effect of MW Fibres on the Hydration of the Cement Paste Samples

Internal Curing Effect by MW Fibres
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Figure 4.6 illustrates the variations in cumulative heat for plain cement pastes and those with
0.1% and 0.2% MW fibres. Upon examining the cumulative heat curves of cement paste
samples containing 0.1% MW fibres, it became evident that all three conditions of MW fibres
(non-treated, hydrothermally-treated, and hybrid-treated) outperformed the reference sample
with identical w/b at the end of the testing time which is 80 hours (Figure 4.6, b and c). Notably,
this improved cumulative heat was observed even when compared with the REF30 sample, with
the same total w/b. This significant enhanced degree of hydration observed after incorporation
of MW fibres can be attributed to the release of previously stored water within the lumens of
fibres, thereby improving the availability of water for additional hydration of cement particles.
The age at which the MW-added cement paste samples surpassed REF30 were as follows: 24
hours for the N30_1, 31 hours for the HT30_1, and 22 hours for the HY30 1. Similar internal
curing behaviour were observed for other internal curing agents, such as SAP and wood pulp,
which exceeded the cumulative heat of the reference sample with the same total w/b after
approximately 24 hours [22,53]. The comparatively more gradual improvement in hydration
observed in the HT30_1 sample, when compared to the other samples, can also be ascribed to
the varying rates at which different MW fibres release water. Previous research findings have
shown that both the HY-MW and N-MW fibres exhibit quicker water release behaviour.
However, the improved hydrophilicity and intact morphology of the HT-MW fibres leads to a
more gradual water release rate, attributed to the strong absorption of water within the lumens
(Figure 4.7) [248].

Overall, after 3 days, the cumulative heat increased by 13%, 17%, and 14% in N30_1, HT30 1,
and HY30_1, respectively, compared to the reference sample with the identical w/b. This

finding suggests that the addition of 0.1% MW fibres provide an internal curing effect that
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involves the gradual release of entrained water at later ages, ultimately resulting in enhanced
hydration. While a minor variation of 0.02 in the w/b may seem insignificant, such subtle
changes in the mix composition, especially in mixes with a low w/b, can profoundly impact the
internal curing performance and enhance the degree of hydration. For example, studies
conducted by Shen et al. and Justs et al. have reported analogous effects when using SAP as
internal curing agents. These investigations have shown that alterations in the w/b ranging from

0.01 to 0.05 lead to a marked and consistent improvement in the degree of hydration at specific

ages [9,266].
350 350
_____ REF28 a) —--—-— REF285 b)
3004 ——HY30_2 5t HY30_1
s g N30_2 .
- . S~ —
2 € 250 B 1 B 250 HT_2
g 2 ,,/._'—/‘:‘ __________ .g; g
= E > o o=
S g 200 4 7 "5 8 2004
- g /’ el
c = . c =
28 Vi g8 /;
S T 150 / = T 1501 4
> 9 / > 9 /
= A / o A /
T 50 £ T o0 /)
5 X 100 / = 100 /
= / = /
£ / £ /
/ /
© 504 J © 504 y
> g /4
7 ==
U T T T T T T T 0 T T T T T T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time (hr) Time (hr)

350

300 A

250

200

@
S
1

(J/g Portland cement)

Cumulative heat of hydration

wn
=
L

=

Time (hr)

Figure 4.6. Cumulative heat of hydration of cement paste specimens with MW fibres with
effective w/b of a) 0.28, b) 0.285, and ¢) 0.29

105



—

(=3

(=3
n

=]
(=]
+

»Non-treated
#Hydrothermal
#Hybrid

(=)
<
+

&5
(=1
.

Water Release Rate (WRR) (%)

33
(=]
"

0 15 30 45 60 75 90 105 120 135
Duration of exposure (min)

Figure 4.7. The water release rate of different pre-soaked MW fibres [248]

As the amount of MW fibres was further increased to 0.2%, the cumulative heat of the samples
remains almost constant when comparing them to their identical effective w/b reference mixes
(Figure 4.6, a and b). In general, adding more MW fibres shifted the cumulative heat curves to
lower values. As a result, the heat of hydration is reduced. Previous studies have shown that a
similar effect occurred with SAP, where excessive dosages significantly reduced the heat of
hydration [58]. The reduced water availability observed in the samples containing 0.2% MW
fibres is further supported by the shorter period of pre-induction when compared to the samples
with 0.1% fibres (Figure 4.11).

Effect of MW Fibres Extractives on Early Hydration of Cement Paste

Non-treated MW fibres are made up primarily of cellulose (39%), hemicellulose (36%), and
lignin (18%), with trace amounts of waxes, pectin, and sugars (5%) [25]. As demonstrated in
the previous study by the authors, hydrothermal treatment effectively removes waxes from MW
fibres. This is supported by the disappearance of two FTIR peaks at 2850 cm ! and 2916 cm !
[248]. It is also well established that pectin is removed during the hydrothermal treatment [217].

Therefore, it can be inferred that the main distinction between the chemical composition of the
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N-MW fibres versus the HT-MW fibres lies in the absence of waxes and pectin in the latter.
Therefore, the influence of waxes/pectin on the hydration of PC, can be distinguished by
comparing the N30_1 and HT30_1. In addition, during the hybrid treatment lignin and
hemicellulose are also removed from MW fibres (in addition to pectin and waxes), resulting in
a composition that was predominantly cellulose. Similarly, the impact of hemicellulose/lignin

can be identified by comparing the HT30_1 and HY30_1.
Effect of Waxes/Pectin

The addition of 0.1% N-MW fibres resulted in a rapid and intense reaction during the first few
minutes of cement hydration, as evidenced by a sharp peak in the first few minutes (Figure 4.10-
b). This could explain the higher cumulative heat observed during the initial 10 hours for the
non-treated sample (N30_1) compared to the reference sample. Conversely, the HT30 1
exhibited a less pronounced initial peak than N30 _1. The initial fast reaction period is
contributed by the dissolution of particles resulting mainly in the formation of ettringite as a
result of the reaction of CsA and sulfates [267]. After that, the adsorption of the sulfate and/or
calcium ions on the surface of CsA blocks active dissolution sites and decelerates the hydration
of CsA to enter the dormant period [268,269]. In the case of samples incorporating the N-MW
fibres, it was observed that during the initial few minutes of hydration, the sugars and/or their
degradation by-products resulting from the alkali hydrolysis of waxes and pectin reacted with
CsA. This reaction increases the concentrations of ions in the pore solution and promotes an

accelerated dissolution rate of CsA [270].
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Effect of Lignin/Hemicellulose

As demonstrated in Figure 4.8, Figure 4.9, and Figure 4.12, adding 0.1% HY-MW fibres to the
paste had a negligible impact on the time of main CsS hydration peak, with a released heat rate
higher than the reference sample with the identical effective w/b. However, the incorporation
of 0.1% of both the N- and HT-MW fibres caused a delay in the appearance of the CsS hydration
peak, with a significantly reduced magnitude compared to REF29 sample. Furthermore, as
depicted in Figure 4.11, both the N30_1 and HT30_1 samples exhibit a prolonged acceleration
period. The unregulated hydration of CsS seen in the N30_1 and HT30_1 is evidenced as the
CsS hydration peak emerged at 15 and 15.2 hours, respectively. This indicates a retardation of
1.6 and 1.8 hours compared to the plain cement paste samples without fibres. It appears that
both the N-MW and HT-MW fibres underwent significant saccharide leaching when exposed
to highly alkaline pore solution, resulting in hydration delays. In other words, the presence of

lignin and hemicellulose in the N30_1 and HT30_1 plays a crucial role in influencing the
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hydration of CsS. Specifically, hemicellulose has conventionally been considered the primary
source of monomeric sugars, which are believed to have the most significant delaying effect on
cement hydration [165,271]. The hydration of cement particles is delayed due to the formation
of a semipermeable organic layer around the cement grains or nucleation poisoning, which
causes a decrease in the rate of water osmosis to the cement grains. This effect was obvious in
the N30_1 and HT30_1 samples, where the presence of this semipermeable organic layer
contributed to the slower hydration kinetics compared to other samples. As shown in Figure
4.11, there was approximately 15% longer acceleration period for the N30_1 and HT30 1,
whereas the hybrid-treated sample (HY30_1) exhibited almost the same duration when
compared to the reference sample. As shown by Garrault et al., the nucleation and growth of C-
S-H on the surface of CsS is shown to be a rate-controlling factor during the acceleration period
[272,273]. Therefore, the nucleation poisoning of cement particles by lignin and hemicellulose
leached in the N30_1 and HT30_ 1 appeared to be a valid hypothesis. In addition, The
polysaccharides constituting the MW fibres possess potent Ca-chelating groups that have a high
calcium binding capacity, which can reduce the concentration of calcium ions in the cement
pore solution and inhibit the formation of hydration products such as C-S-H, portlandite and
ettringite and hence cause a delay in the hydration process [165,166].

Moreover, upon comparing the hydration evolution curves of cement paste samples containing
0.2% MW fibres, it became obvious that only HY30_2 demonstrated a significantly higher rate
of hydration heat during the acceleration period, compared to the reference samples with
identical w/b (Figure 4.8). Both the N30_2 and HT30_2 samples exhibited maximum peaks at
a magnitude lower than the reference samples with identical w/b (i.e., REF28) (Figure 4.9 and

Figure 4.12). The CsS hydration peak values seen in Figure 4.9-a are smaller, likely due to the
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negative impact of the leachates on the hydration reactions, leading to less heat being released

during the hydration process caused by the N-MW and HT-MW fibres.
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Figure 4.11. Duration of pre-induction, induction and acceleration period for different cement
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In conclusion, these findings suggest that the hydration process is influenced by the dosage of
MW fibres, and an excessive quantity of fibres can negatively affect the hydration reactions.
The results indicated that the use of 0.1% MW fibres resulted in a higher degree of hydration as
shown in cumulative heat results, providing an adequate amount of free water for the initial
reaction of cement hydration and entrained water in the lumen for the subsequent internal
curing. With the understanding that MW fibres were pre-soaked in the entire mix water before
being mixed with cement, the addition of 0.2% pre-soaked MW fibres led to increased water
absorption by the fibres during the pre-soaking process. This resulted in a higher volume of
entrained water, evident from their lower effective w/b in Figure 4.2. Consequently, there was
an insufficient amount of effective free water available for reaction with cement during the early
hydration stage, as a significant portion of the water was retained in the lumen of the fibres.
Furthermore, an increased quantity of MW fibres may result in higher levels of extractives and
saccharides leaching into the cement pore solution, thereby exacerbating the hindrance of the
hydration in early ages.

Therefore, to attain an efficient degree of hydration, which is vital for internal curing, the
optimal dosage of MW fibres in the rest of the study was set to 0.1%. It's important to note that
comprehending the enhanced hydration achieved with 0.1% MW fibres requires an examination
of their impact on hydration products. Consequently, this dosage was selected to investigate the
influence of MW fibres on the formation of hydration products in the following sections through
TGA and XRD analyses, along with microstructural examination using SEM. These results are

pivotal in understanding the promotion of hydration by MW fibres.
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4.3.3 Effect of MW Fibres on the Formation of Hydration Products

The DTG curves of cement paste samples hydrated for 1 and 2 days, with the addition of 0.1%
MW fibres, are shown in Figure 4.13. These curves provide additional insights into the impact
of MW fibres on hydration products. Based on DTG curves three main temperature ranges can
be identified. Between 50 and 200 °C, the first peak is associated mainly with the thermal
decomposition of C-S-H and AFt phases, while the second one is attributed to AFm.
Furthermore, within the second range of weight loss a major peak between 400 and 500 °C
indicates the dehydration of portlandite (CH). Additionally, the decarbonation of the three
polymorphs of calcium carbonate takes place within the temperature range of 550 to 900 °C
[274]. Vaterite, the least stable polymorph in ambient conditions, undergoes decarbonation first,
contributing to the initial peak observed between 550 and 675 °C, followed by aragonite
between 675 and 720 °C [275,276]. On the other hand, calcite, the most thermodynamically
stable polymorph of calcium carbonate, exhibits the highest decarbonation temperature,
occurring between 720 and 875 °C.

The inclusion of MW fibres in cement paste samples presents challenges in accurately
determining the quantity of chemically bound water due to the varying decomposition rates of
individual fibres, influenced by their different pre-treatment types. Using conventional
calculation methods may lead to erroneous conclusions and an imprecise understanding of the
actual amount of chemically bound water. Therefore, the current study focused on evaluating
the amount of portlandite produced as a more reliable approach to assess the impact of MW

fibres on the evolution of hydration products.
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Figure 4.13. DTG curves of cement paste samples with MW fibres hydrated for 1 and 2 days

Figure 4.13 presents the DTG curves of cement paste samples containing MW fibres, compared
to the reference sample with the same total w/b. The DTG curves for reference samples with
identical effective w/b ratios are not shown to keep the graphs clear and avoid clutter. Instead,
Figure 4.14 provides a focused comparison by illustrating the weight loss associated with
portlandite dehydration. This weight loss is calculated and compared across each sample,
including those with identical effective w/b ratios, providing a clearer understanding of the
influence of MW fibres on cement hydration. The TGA/DTG analyses revealed that the HT30_1
and N30_1 exhibited a lower portlandite content compared to reference sample with the same
effective w/b, within the first 24 hours. However, the hybrid-treated cement paste sample
showed a slight increase in its portlandite content. This is consistent with the isothermal
calorimetry results, where the N30_1 and HT30_1 samples had lower cumulative heat compared
to the reference sample before 24 hours, while HY30_1 exceeded the reference sample around
22 hours. After 2 days of hydration, the amount of portlandite in the HT30_1 and HY30_1
samples surpassed that of corresponding references. This is attributed to the enhanced cement
hydration facilitated by internal curing and the subsequent release of entrained water stored

within the MW fibres. In other words, the improved availability of water enables a more
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extensive hydration reaction of C3S and CS, resulting in the formation of calcium silicate
hydrates (C-S-H) and portlandite (CH). The XRD analyses discussed in the next section also
further supported this by confirming a decrease in the peak associated to silicates (i.e., C3S and
C2S). This interesting finding suggested that despite the unregulated hydration kinetics caused
by the HT-MW fibres during the first hours, specifically delaying in the emergence of the CsS
hydration peak (as evidenced by isothermal calorimetry results), their enhanced hydrophilicity
due to the removal of waxes led to superior performance in terms of internal curing.
Consequently, this superior internal curing performance translated into improved hydration
outcomes after 2 days, characterized by a higher production of portlandite. However, for
N30_1, the negative effects of leachates seemed to dominate, compromising the internal curing
effect, and consequently negatively impeding the hydration process. As a result, N30_1 showed
a decreased amount of portlandite compared to the reference sample.

Moreover, the peak associated with AFm was observed for HY30 1 at day 1, whereas the
N30_1 and HT30_1 only displayed the AFm peak after two days. The reason for the absence of
monosulfoaluminate formation in both the N and HT samples during the 1-day TGA analysis
can be attributed to the inhibitory influence of leached saccharides on monosulfoaluminate
formation [164]. Besides, DTG profiles indicated a reduction in the intensity of the shoulder
peak at approximately 650 °C in the HT and HY samples following a two-day hydration period.
This suggests a lower presence of less thermally stable polymorphs, such as vaterite and
aragonite. On the other hand, the slight shift towards higher temperature in the peak associated
with the decomposition of calcium carbonates at approximately 750 °C in these samples
confirms the formation of thermally more stable polymorphs of calcium carbonates i.e., calcite

[275].
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Figure 4.15 illustrates the XRD patterns of cement pastes incorporating 0.1% MW fibres,
hydrated for 1 day and 2 days. To monitor hydration progress and facilitate inter-sample
comparisons, the silicates' peak (i.e., C3S and C2S) at (20 = 32°) was analyzed. The N30 1
sample exhibited no reduction in the silicates peak, while the HT30_1 sample demonstrated the
most significant decrease, followed by the HY30 1. This trend aligns with findings from
TGA/DTG analyses, suggesting that the improved hydration reaction facilitated by internal
curing effect of MW fibres within the cementitious matrix promoted the formation of a greater
quantity of hydration products [277]. In contrast, no consistent trend was recognized in the (00
1) CH peak (20 = 18.1°) across samples. This inconsistency may be attributed to the substantial
influence of preferred mineral grain orientation on the (0 0 1) CH peak, as previously noted by

Pang et al. [278].
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Figure 4.15. XRD patterns of 1- and 2-day cement paste samples with different conditions of
0.1% MW fibres. (Por: Portlandite)

4.3.4 Effect of MW Fibres on the microstructure of cement paste

Figure 4.16 visually represents backscattered SEM images of cement samples incorporating
MW fibres, revealing the presence of small, discrete crystalline products observed on the
surface of MW fibres. MW fibres increased the available surface area, potentially serving as
nucleation sites for the precipitation of hydration products. The acceleration of cement
hydration attributed to increased surface area has been documented in previous research [279]
even with materials that are chemically inert. This nucleation effect of MW fibres is further
evidenced by our isothermal calorimetry findings, which showed a respective increase of 13%,
17%, and 14% in cumulative heat generation for samples N30_1, HT30_1, and HY30_1, when

compared to the reference sample with identical effective wib.
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Figure 4.16. Backscattered scanning electron (BS-SEM) micrographs of cementitious samples
containing MW fibres after 3 days of hydration: a) Non-treated MW fibres (N30_1), b)
Hydrothermally treated MW fibres (HT30_1), ¢) Hybrid treated MW fibres (HY30_1)

Furthermore, the analysis of elemental mapping in the vicinity of MW fibres within the 3-day
hydrated cement paste samples was conducted using Energy Dispersive X-ray Spectroscopy
(EDS) and is presented in Figure 4.17. The atomic concentrations of each element are also
detailed in Table 4.4. Notably, the N30_1 sample exhibited the lowest Si concentration and
Si/Ca ratio. This observation highlighted the significant retarding effect caused by the leaching
of saccharides from the N-MW fibres, which retarded cement hydration and led to a reduced
release of Si** into the cement solution. In contrast, the HT30_1 and HY30_1 sample exhibited
elevated Si and Si/Ca concentrations, in consistent with the TGA and XRD findings, signifying
more promoted hydration. Significantly, these outcomes highlighted the beneficial internal
curing function of the HT-MW fibres, offsetting their initial adverse influence on hydration and

promoting enhanced hydration in later stages.
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Figure 4.17. Energy dispersive X-ray spectroscopy (EDS) dot maps of polished cement paste
samples containing MW fibres after 3 days of hydration (Yellow: Si, Blue: Ca, Orange: Al,
Cyan: Fe): a) Non-treated MW fibres (N30 _1), b) Hydrothermally treated MW fibres
(HT30_1), c) Hybrid treated MW fibres (HY30_1)

Table 4.4. Elemental compositions analysis (atomic concentration) acquired based on Energy
dispersive X-ray spectroscopy (EDS) from polished cement paste sample containing MW
fibres after 3 days of hydration

Mixture Al Fe Si Ca Al/Ca Si/lCa

N30_1 10.75 299 2294 6332 017 036

HT30_1 | 11.81 3.29 2451 6038 020 041

HY30_1 | 10.69 247 2576 6109 0.17 042

4.4 Conclusions

In the initial phase of the study, the impact of MW fibres on the effective w/b was assessed
through rheological measurements. This analysis facilitated a more precise comparison of
samples with identical effective w/b in subsequent study sections. The introduction of MW
fibres modified the effective w/b in cementitious mixes due to water absorption by these fibres.
Nevertheless, our findings revealed that different pre-treatments and dosages resulted in varying
levels of absorption, consequently influencing the effective w/b. Based on the results, samples
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with MW fibres can be classified into three groups based on their effective w/b: HY30_2 with
an effective w/b of 0.28, HY30_1, N30 2, and HT30_2 with an effective w/b of 0.285, and
finally, N30_1 and HT30_1 with an effective w/b of 0.29.

Furthermore, certain components within MW fibres, notably lignin, showed to have the capacity
to leach into the surrounding cement paste, resulting in a plasticizing effect that subsequently
alters the rheological characteristics of the cement paste. This was specifically observed in the
N-MW and HT-MW fibres, as evidenced by their lower hysteresis area, yield stress, and
viscosity values. However, in the HT samples, the plasticizing impact induced by fibres was
more prominent. This can be attributed to the elimination of the protective wax layer around the
fibres, resulting in greater exposure and leaching of lignin into the cement paste.

In the second stage of the investigation, the internal curing effect and hydration properties of
cementitious mixes were assessed with different dosages of MW fibres. It was observed that
superior internal curing performance was achieved when 0.1% MW fibres were used compared
to the use of 0.2% MW fibres. The detrimental impact of an excessive quantity of MW fibres
on hydration evolution was attributed to the significant reduction in the effective w/b and the
agglomeration of fibres, hindering access to entrained water and reducing the availability of free
water. Furthermore, the presence of excess MW fibres led to increased leaching of extractives,
exacerbating the hindrance of the hydration process.

The improved hydration was demonstrated through a higher cumulative heat of hydration in the
isothermal calorimetry test for 0.1% MW fibre-incorporated samples compared to the reference
sample. However, microstructure analyses of cementitious mixes incorporating MW fibres
revealed that only the pre-treated MW fibres (i.e., HT-MW and HY-MW) samples demonstrated

an improvement in the production of hydration products. This improvement was evidenced by
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higher portlandite content, as indicated by TGA/DTG analyses, and further supported by XRD
examination. Additionally, the findings were validated by increased Si concentration, as
observed in the SEM-EDS analyses. Overall, the incorporation of 0.1% HY-MW and HT-MW
fibres in cementitious mixes delivered an enhanced degree of hydration compared to the use of
0.2% MW fibres. This is achieved by providing an adequate amount of free water for the initial
reaction of cement hydration and entrained water in the lumen for the subsequent internal
curing. Nevertheless, a crucial distinction between the HT-MW and HY-MW fibres emerged in
their impact on hydration kinetics. The former exhibited a gradual improvement in hydration
owing to the gradual release of stored water in the lumen, while the latter resulted in a prompt
hydration reaction without any retardation. These findings showed the effectiveness and
suitability of using pre-treated MW fibres for internal curing applications, as validated by the

comprehensive analyses conducted in this study.
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Abstract

The use of lignocellulosic materials as internal curing agents, attributed to their remarkable
hygroscopic properties and strong affinity towards water, is gaining attention as a cost-effective
and sustainable solution. Hollow natural fibres such as Milkweed fibres, distinguished by their
exceptionally wide lumen, exhibit excellent hygroscopic characteristics, positioning them as
ideal candidates for serving as internal curing agents. This study investigated into the Kinetics
of water transport between MW fibres and the cementitious matrix, employing Nuclear
Magnetic Resonance (NMR) relaxometry and Differential Scanning Calorimeter (DSC). NMR
and DSC measurements revealed that the morphological features and the release of extractives,
such as lignin, significantly influence the desorption kinetics of entrained water in MW fibres
within cementitious matrices. Lignin played a key role in protecting the internal curing water
from migration of hydration products into the lumen, as evidenced by the highest proton
concentration in T2 measurements of HT-MW fibres. Morphological features also notably
affected the behaviour of MW fibres in the cementitious matrix. Holes and defects in HY-MW
fibres increased water mobility and extended relaxation time, leading also to quicker water

desorption. In contrast, HT-MW fibres with intact lumens showed shorter T2 and a highest

3 A version of this chapter is submitted in the Journal of Case Studies in Construction Materials
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available internal curing water. Consequently, HT-MW fibres demonstrated superior internal
curing capabilities compared to other types of MW fibres.
Keywords: Milkweed fibres; Internal Curing; Nuclear Magnetic Resonance (NMR); Water

Transport Kinetics
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5.1 Introduction

Internal curing, a concept first introduced by Philleo in 1991, marks a novel approach in mitigating
early-age cracking in low w/b cementitious mixes [67]. Unlike traditional external curing methods,
which prove insufficient for the highly dense microstructure of these mixes due to the limited
penetration of curing water into the concrete, internal curing emerges as a promising alternative
[280]. Internal curing is typically done by using well-dispersed absorptive particles as water-filled
reservoirs within the cementitious matrix. This approach, established over the past decade,
facilitates hydration reactions by supplying sufficient water to the cement paste, thus counteracting
self-desiccation and reducing autogenous shrinkage [13]. Consequently, internal curing mitigates
early-age cracking, which is a common phenomenon in the initial days in low w/b mixes.

Recent studies have shown the potential of lignocellulosic materials, such as natural fibres, for
internal curing applications in low w/b cementitious mixes [20-22,34,62,64,162,163,281]. Their
remarkable hygroscopic properties, coupled with their cost-effectiveness and availability, position
them as sustainable alternatives to non-renewable SAP, aiding in the reduction of CO2 emissions
in the construction industry. While previous studies by the authors have shown that pre-treated
MW fibres can improve the degree of hydration, there remains a lack of clear understanding of
their adsorption/desorption behaviour within cementitious mixes [282]. For example, adding 0.1%
wt. MW fibres resulted in a 17% increase in the cumulative heat of hydration of cementitious
pastes compared to the reference cement paste after 3 days. This indicates a significant impact of
MW fibres on early-age hydration, yet the mechanisms of water transport between the fibres and
cementitious matrix need further investigation.

MW fibres are white, silky fibres extracted from the seeds of the milkweed plant, which is also

found in China and Iran, where they are known as Akund and Estabragh, respectively. MW fibres
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possess unique characteristics, including an exceptionally wide lumen that occupies nearly 90%
of their volume and a thin wall with a thickness as low as 0.5 um. These characteristics—the wide
lumen and thin wall—can significantly alter the kinetics of water transport through the wall and
along the lumen after pre-treatments. Despite moderate research into the use of lignocellulosic
materials as internal curing agents, gaps persist in understanding the kinetics of water transport
between the hollow natural fibres and the cement paste. Nuclear Magnetic Resonance (NMR)
emerges as a powerful technique to study water transport kinetics between internal curing agents
and the cement matrix. Unlike traditional methods like Mercury Intrusion Porosimetry (MIP),
which requires breaking hardened samples and halting hydration, NMR allows for non-destructive,
dynamic, in-situ analysis of porous materials [182-184]. These advantages enable continuous
observation without altering the samples. While studies have investigated the kinetics of water
transport between SAP and cement paste using NMR [51,188,191-194], research on
lignocellulosic materials remains limited while no research has yet been conducted on the natural
hollow fibres such as MW fibres. In one of the few studies available on lignocellulosic materials,
Jongvisuttisun et al. used NMR to investigate the internal curing mechanism of hardwood pulp
within cement composites. Their findings showed a sequential moisture migration process from
eucalyptus fibre to the self-desiccating paste over a hydration period exceeding 13 hours. This
migration involved the successive removal of free water from the lumen, small cell wall pores, and
bound water in the cell wall [22]. This again emphasizes the importance of the morphological
characteristics of fibres on the kinetics of water desorption from fibres within cementitious mixes.
In another study by Zhang et al., NMR was employed to monitor water distribution and pore size

distribution over time and space in coir fibre-cement matrix composites. They found that coir fibres
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improved moisture distribution and enhanced pore size distribution, contributing to internal curing,
enhanced water transport, and crack control in the hydrating cement [184].

Morphological features such as porous cell walls, thickness, and lumen size are key parameters
that can alter the adsorption/desorption Kkinetics of fibres within cementitious matrices [22].
Additionally, the presence of extractives such as lignin, hemicellulose, waxes, and pectin could
also affect the mechanisms of water desorption from fibres within cementitious mixes, thereby
influencing their internal curing behaviour. Therefore, in this study, three different types of MW
fibres, each with distinct chemical compositions and morphologies, were examined to understand
how these factors affect the kinetics of water transport between MW fibres and the cement matrix.
We investigated the kinetics of water transport between MW fibres and the cement matrix, starting
from the initial hours of hydration up to 7 days. To prevent any adverse impact on the fresh
properties of cement mixes, MW fibres were used in a pre-saturated condition—a technique
commonly applied with SAP and LWA [184,283-285]. In the subsequent phase, we employed a
complementary technique, differential scanning calorimetry (DSC), to qualitatively measure
freezable water in cement paste samples during the initial 24 hours of hydration. The findings
obtained from these two methods contribute to a more comprehensive understanding of the kinetics

of water transport between MW fibres and the cementitious matrix.

5.2 Materials

General-use Portland cement (GU) from Colacem Canada was used to make cement pastes, with
its consistency adjusted using the MasterGlenium 7500 superplasticizer (SP) from Master Builders
Solutions. Two types of pre-treated milkweed (MW) fibres were employed: hydrothermally treated

(HT) and hybrid treated (HY), as detailed in the prior study by the authors [248]. The as-received
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MW fibres consist of approximately 39% cellulose, 36% hemicellulose, and 18% lignin, with

minor amounts of waxes, pectin, and sugars totaling less than 5% [25].

5.3 Mix Proportions

The mix proportions for the cement paste samples are listed in Table 5.1. The w/b was set at 0.30
for all cement paste samples containing MW fibres. The MW fibres content was 0.1% of the weight
of PC. To use MW fibres in a saturated state, they were pre-soaked in the total mixing water
(distilled water) and dispersed with the superplasticizer (1 wt.% of cement) for 1 hour using a
magnetic stirrer at 500 rpm. According to the earlier study, 1 hour is roughly the time required to
achieve MW fibres saturation [248].

Table 5.1. Mix proportions of the test specimens

Mix # Total w/b Entrained w/b MW (%) SP (%) MW treatment

REF30 0.30 - 0 1 -

N 0.30 0.010 0.1 1 Non-treated
HT 0.30 0.010 0.1 1 Hydrothermal
HY 0.30 0.015 0.1 1 Hybrid

*wt.% by Portland cement (PC)

5.4 Testing Procedure

5.4.1 'H Nuclear Magnetic Resonance (NMR)

A Bruker Avance-11l 200 MHz nuclear magnetic resonance (NMR) spectrometer was used to
monitor the transverse magnetization relaxation of hydrogen atoms (*H) in water molecules within
the cement paste specimens. The Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence with
variable delays was implemented for determining the transverse NMR relaxation time (T2) of the
sample [286]. A total of 28 echoes were acquired, spanning echo times from 10 ps to 820 ms. The
90° pulse length (P1) was set at 5 ps; and the relaxation delay (D1) was fixed at 2.5 s. The spectra
were then processed using Bruker TopSpin 4.3 software and the recorded transverse magnetization
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decays subsequently underwent analysis with a regularized Inverse Laplace Transform (ILT) using
Dynamics Centre software provide by Bruker to derive the T2 distribution. Each cement paste
sample was poured into small NMR tubes with dimensions of outer diameter (OD) of 7 mm and a
length of 27 mm and then sealed with a plastic lid. All CPMG NMR measurements were conducted
at 21 + 2 °C at various hydration intervals of 1, 3, 6, 9, 12, 18, 24 hours, 3 days, and 7 days from

the initial mixing of cement and water.

5.4.2 Differential Scanning Calorimeter (DSC)

A PerkinEImer DSC 4000 differential scanning calorimeter was employed to qualitatively measure
freezable water in cement paste samples during the very early stages of hydration, specifically at
3 hours and 24 hours after mixing cement with water. Approximately 150 mg of fresh cement paste
sample was poured into an aluminum crucible and hermetically sealed with a lid to prevent
moisture loss. The DSC measurements comprised four steps: rapid cooling from room temperature
to -30°C at a rate of —10 °C/min, equilibrating the sample at a temperature of -30 °C, heating from
-30 °C to -12°C at 18°C/min, and heating from -12 °C to 25 °C at 4°C/min. The percentage of
freezable water (FW) was calculated by determining the integral area of the endothermic peak,

representing the percentage of frozen water present in the paste [287-290]:

< ) x 100

0, =
FW (%) (Hf — Equation 5.1

where Q denotes the enthalpy (J), Hs the heat of fusion of water (333.5 J/g), and m the sample mass

(9).
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5.5 Results and Discussion

5.5.1 NMR relaxation of hydrating plain cement paste

In the conventional classification of pores, there are two main categories [291]. Firstly, gel pores
(<10 nm) are linked to the formation of hydration products and can be more precisely classified
into small capillary pores (small mesopores), micropores, and interlayer spaces, ranging from the
largest to the smallest. Secondly, capillary pores (10 nm~10,000 nm) can be further identified as
large capillary pores (macropores) and medium capillary pores (large mesopores). The pore
structure of cementitious materials is also characterized by the different physical states of water in
pores of varying sizes. When a magnetic field is applied, the hydrogen nuclei in the water within
these pores act like subatomic magnets [185]. Upon excitation, these nuclei gradually lose their
alignment through a process known as relaxation. The relaxation of hydrogen nuclei occurs more
quickly in smaller pores, where the surface-to-volume ratio is higher. This is explained by the fast
exchange model as shown in Equation 5.2 where the spin-spin relaxation time (T2) is inversely
proportional to the surface-to-volume ratio of the pores in contact with the fluid [51,186].

Assuming the presence of spherical pores with a diameter of d, the T2 correlates with the
distribution of pore sizes (i.e., T2~%) [187,188]. Consequently, as cement hydration progresses,

the pore structure evolves and the T2 distribution also changes. Therefore, the reduction in T2
values observed during the evolution of hydration in the cement paste is attributed to the
densification of the cement paste and the formation of hydration products within water-filled pores
and on the surface of cement grains [189]. This leads to a reduction in inter-particle spacing and

consequently more confinement and shorter relaxation times (i.e. smaller Tz2.)
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%
I = S X py Equation 5.2

where V and S represent the volume and the surface, respectively, and pz is surface relaxivity.

Figure 5.1 illustrates the evolution of the T2 distribution in the REF30, during the hydration period
spanning from 1 hour to 7 days. The T2 relaxation distribution of the plain cement paste sample
revealed the presence of two peaks. The first primary T2 peak of the REF30 sample, initially
appeared at approximately 0.56 ms, and decreased to 0.18 ms after the 7-day hydration period. The
secondary peak also emerged within the range of 3.16 ms to 5.62 ms. It is proposed that the first
major T2 peak, approximately around 0.5 ms, can be attributed to bound water on the surfaces of
cement grains and free water which is between cement grains due to capillary tension. The second
T2 peak within the range of ~5-9 ms is also suggested to represent free water within pores of 56

nm to 100 nm [22,183,184].
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Figure 5.1. Distribution of the transverse relaxation time (T2) of plain Portland cement paste
(REF30) during different hydration time from 1 hour to 7 days (a), and magnified signal intensity
in the range of 10 ms to 500 ms (b)
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5.5.2 Kinetics of internal curing water of MW fibres in early hydration

NMR measurements offer valuable insights into the kinetics of entrained water (internal curing
water) as it migrates from MW fibres to the hydrating cementitious paste. In Figure 5.2, Figure
5.3, and Figure 5.4, the T2 distribution signals are presented for cement paste samples containing
the N-MW, HT-MW, and HY-MW fibres, respectively. Notably, T2 values shorter than 10 ms
across all specimens revealed a dual-peak pattern similar to the reference sample's T2 distribution.
The first primary peak initially detected around 0.61 ms during the initiation of hydration,
decreased to 0.14 ms for all N, HT, and HY samples after the 7 days. This consistent trend aligns
with prior observations, highlighting the tendency of T2 values to shift towards shorter relaxation
times by hydration evolution. Additionally, the second peak emerged within the range of
approximately 1.64 ms to 7.19 ms for all samples. A notable difference can be noticed when
comparing the first 2 primary peaks of the MW-incorporated cement samples (Figure 5.2.a, Figure
5.3.a, Figure 5.4.a) with the reference sample (Figure 5.1.a) during the first hours of hydration.
While in the plain cement paste, two distinct peaks are evident from the beginning of the hydration,
in the MW-incorporated cement samples the peaks were initially combined. This combined peak
split into two distinguishable peaks after approximately 9h for the cement paste samples containing
the HT-MW and HY-MW fibres and after 12h for the N-MW cement paste sample. This indicates
that in the reference sample, small pores were isolated from large ones starting from the first hour
of hydration. In contrast, in cement paste samples with MW fibres, this isolation process took
between 9 to 12 hours. The longer time for the isolation of gel pores from mesopores (in the range
of 1.64 ms to 7.19 ms) in MW-incorporated samples could be linked to the presence of MW fibres

themselves. These fibres could contribute to the connectivity of the pores up to 9 to 12 hours as
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their hygroscopic characteristics facilitated the transport of water between gel pores and
mesopores.

More importantly, for the T2 values longer than 10 ms, MW-incorporated cement paste samples
revealed the presence of at least one additional peak. As shown in Figure 5.2.b, in the case of
cement paste samples incorporating the N-MW fibres, the 3 peak appeared at 19.31 ms, persisting
with high intensity for up to 9 hours of hydration. The cement paste samples with HT-MW fibres
also exhibited a 3 peak at the same T2 of 19.31 ms; endured until 6 hours (Figure 5.3.b).
Conversely, cement paste samples with the HY-MW fibres displayed a subtle 3" peak at 51.79 ms
after 6 hours of hydration (Figure 5.4.b). Given the exceptionally wide lumen of MW fibres, it is
expected that the predominant volume of internal curing water (entrained water) is stored in these
wide lumens. Consequently, the presence of a third peak in the cement paste specimens
incorporating MW fibres serves as evidence for internal curing facilitated by these fibres. This
range of relaxation also falls within the range of relaxation times previously documented as
characteristic of free water within the lumen of lignocellulosic materials (i.e., T2 within the range

of 19.9-76.3 ms) [22,292,293].
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Figure 5.2. Distribution of the transverse relaxation time (T2) of Portland cement paste with non-
treated MW fibres (N-MW) during different hydration time from 1 hour to 7 days (a), and
magnified signal intensity in the range of 10 ms to 500 ms (b)

Intensity (a.u.)

Figure 5.3. Distribution of the transverse relaxation time (T2) of Portland cement paste with
hydrothermally treated MW fibres (HT-MW) during different hydration time from 1 hour to 7
days (a), and magnified signal intensity in the range of 10 ms to 500 ms (b)
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Figure 5.4. Distribution of the transverse relaxation time (T2) of Portland cement paste with
hybrid treated MW fibres (HY-MW) during different hydration time from 1 hour to 7 days (a),
and magnified signal intensity in the range of 10 ms to 500 ms (b)

To understand the difference between the desorption kinetics of different pre-treated MW fibres
the area under the 3" peak was calculated and demonstrated in Figure 5.5. As mentioned earlier,
the plain sample without fibres lacked a 3™ peak, and thus, no reference sample is depicted in
Figure 5.5. In the MW-incorporated samples, however, the HT sample demonstrated the greatest
area under the curve, followed by N, while the HY samples exhibited the lowest area under the
curve. As the hydration reaction progresses, the area under the T2 distribution decreases due to the
consumption of entrained water for cement hydration.

Effect of morphology

By comparing the third peaks in the MW-incorporated samples, a noticeable shift in the relaxation
time is evident when comparing the N/HT samples to the HY sample, changing from 19.31 ms to
51.79 ms. This indicates that the water is more mobile within the HY-MW fibres, resulting in a

peak at a longer relaxation time. The increased mobility of the water in the HY-MW fibres is likely
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due to the defects and holes that appeared in the fibre walls after the HY treatment, as observed in
the authors' previous SEM images (Figure 3.8) [248]. Additionally, these holes led to quicker
desorption of water when the HY-MW fibres were incorporated within the cementitious matrix,
resulting in a significantly lower area under the curve, which implies lower proton concentration
and less entrained water compared to the other samples (Figure 5.5). In contrast, the N-MW and
HT-MW fibres, with their intact lumens, accommodated water in more confined spaces for longer
time, appearing as shorter T2 with higher area under the curve in the NMR analysis.

Effect of chemical composition

The observation of the largest area under the curve for the HT sample implies a greater amount of
entrained water available in the lumen of the HT-MW fibres during the initial 6 hours of hydration
compared to the other samples. This finding is consistent with previous findings by the authors,
which showed the superior water retention property and more gradual water release of the HT-
MW fibres compared to two other fibre types [248]. The improved hydrophilicity, resulting from
the removal of hydrophobic components such as waxes is the main factor significantly contributing
to the superior water retention property of the HT-MW fibres, resulted in higher proton
concentration when compared to N samples (Figure 5.5). In contrast, the lack of lignin resulted in
the penetration of hydration products inside the lumen of the HY-MW fibres, as shown in the next
chapter in the Figure 6.13). This phenomenon led to the early consumption of entrained water,
which should ideally be stored in the lumen of fibres, thereby losing its role as a water reservoir.
However, in the case of the N-MW and HT-MW fibres, lignin acted as a barrier, preventing
mineralization and thereby protecting the entrained water stored inside the lumen. Additionally,
the completion of the desorption process can be identified at 6 hours for the HT and HY samples,

while it extends to 9 hours for N samples. The prolonged retention of free water in the N samples
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can be correlated with their hydration retarding impact, as evidenced by calorimetry results,

leading to the delayed consumption of water.
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Figure 5.5. The area under the peak at T2 within the range of 19.9-76.33 ms for different MW-
incorporated samples

5.5.3 Freezable water (FW) evolution over time

Differential scanning calorimetry can provide information about the total amount of freezable
water in cement paste samples, allowing for a qualitative comparison of the effect of various types
of MW fibres on hydration evolution at early hours. This technique serves as a complementary
analysis to NMR analysis. The impact of MW fibres with different pre-treatment techniques on
the quantity of freezable water (i.e., melting heat) of cement paste samples is depicted in Figure
5.6 and the corresponding results summarized in Table 5.2. When compared to the reference
sample (REF30), the cement paste samples containing the N-MW and HT-MW fibres showed the
highest amount of freezable water (FW) in both the 3- and 24-hour. This indicates that more free
water was available, resulting in more formed capillary pore ice, which required more heat to melt
(indicated by the larger area under the curve) [290]. However, the amount of freezable water in

the sample containing the HY-MW fibres is comparable to that of the reference sample (17.7% vs.
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17.3%, for 3 hours and 1.2% vs 1.1% for 24 hours, respectively). These observations align well
with the results obtained from the NMR analysis. In the NMR analysis, the N and HT samples
showed a higher amount of capillary water for a longer duration compared to the HY sample. This
correlates with the higher amount of freezable water (corresponding to the water in large capillary

pores) in the N and HT samples.
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Figure 5.6. Low-temperature DSC heat flow curves of cement pastes after the addition of non-
treated (N) and pre-treated (HT and HY) MW fibres at 3- and 24-hour

Table 5.2. Freezable water percentage of the cement paste samples with and without MW fibres
addition, after 3 hours, and 24 hours

Mixture | 3hr-FW (%) 24hr-FW (%)
REF30 17.35 1.07
N 19.09 1.60
HT 18.51 2.03
HY 17.68 1.17

Moreover, as revealed in the NMR analysis, the T2 peaks of free water in the MW fibres' lumen

persisted until 6 and 9 hours for the N and HT samples, respectively. This suggests that, while the
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retarding effect of the N-MW and HT-MW fibres (observed as 1 to 2 hr in calorimetry results
[282]) could partly explain the higher amount of free water observed compared to the HY-MW
fibres, another factor is also at play. Scanning electron microscopy (SEM) results indicated that
the lignin present in the N-MW and HT-MW fibres could act as a physical and chemical barrier.
This barrier prevents hydration products from migrating into the lumen of these fibres, protecting
the entrained water inside. Consequently, water remains stored in the lumen of the N-MW and
HT-MW fibres for a longer duration compared to the HY-MW fibres. This explains the prolonged
presence of the third peak in relaxation time and the higher amount of freezable water observed in

DSC analyses.

5.6 Conclusions

This study investigated the desorption kinetics of internal curing water of MW fibres in low w/b
paste mixes. The presence of a 3™ peak in MW-incorporated cement paste, particularly in the T>
range of 19.9-76.33 ms, served as evidence for internal curing facilitated by MW fibres. It was
observed that MW fibres can act as water reservoirs, supplying internal curing water for 6-9 hours
during the early stages of cement hydration. Drawing conclusions from the results obtained
through NMR and DSC measurements, it was observed that both the morphological features and
the presence of extractives can impact the kinetics of water transport from MW fibres to
cementitious matrix. It was found that lignin plays a key role in protecting the entrained water
against the migration of hydration products within the lumen. In the HY-MW fibres, where lignin
had been removed during the pre-treatment, there was a greater tendency for hydration products
to migrate into the lumen, leading to early consumption of the internal curing water. This was
demonstrated in the T2 measurements and confirmed by DSC analysis. In contrast, the HT fibres

showed the highest proton concentration in the T2 measurements, indicating superior internal
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curing water availability, followed by the N-MW fibres. Moreover, morphological features
showed a significant impact on the behaviour of MW fibres within the cementitious matrix. The
presence of holes and defects in the HY-MW fibres led to an increased mobility of water and
longer relaxation time compared to other types of MW fibres. These defects also led to quicker
water desorption in the cementitious matrix. In contrast, N-MW and HT-MW fibres, with intact
lumens, retained water in more confined spaces, appearing as shorter T2 with a higher area under
the curve in NMR analysis. Therefore, the HT-MW fibres exhibited significant internal curing

capabilities when compared to the other types of MW fibres.
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Abstract

This study investigated the impact of Milkweed (MW) fibres as internal curing agents on the
shrinkage development and mechanical properties of low w/b cement-based materials. The focus
of this research is on the pre-treatment methods applied to MW fibres and the influence of the pre-
treated fibres, as internal curing agents, on the shrinkage of cement mortars. The hydration
behaviour and microstructural development were revealed using a series of tests including setting
time, compressive strength, flexural strength, scanning electron microscopy (SEM), and
thermogravimetric analysis (TGA/DTG). Observations revealed that 0.1% wt. of hydrothermally
treated (HT) and hybrid treated (HY) MW fibres played an effective role in internal curing, leading
to significant reductions of up to 28% in autogenous shrinkage at 7 days compared to plain mortars.
Furthermore, it was observed that the compressive strength gap between reference mixes and those
with pre-treated MW fibres became smaller as internal curing enhanced in the later stages.
Moreover, our analysis uncovered the pivotal role of lignin in mechanical properties, drying
shrinkage and microstructural development of natural fibre-incorporated cementitious mixes.
Specifically, lignin functions as a protective barrier within the fibres structure, shielding MW

fibres from the infiltration of cement products into their lumina. Additionally, it acts as a

4 A version of this chapter has been submitted to the Journal of Building Engineering
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physical/chemical barrier, hindering moisture transport through the capillary network during
drying conditions, thereby mitigating the adverse effects on drying shrinkage development.

Keywords: Milkweed fibres; Internal Curing; Shrinkage; Mechanical Properties
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6.1 Introduction

The challenge of autogenous shrinkage-induced cracking is particularly pronounced in cement-
based materials with a low w/b, typically below 0.42. In low w/b mixes, the main factors
contributing to autogenous shrinkage are the insufficient supply of capillary water during cement
hydration and the presence of a fine pore size distribution [59]. According to Powers' model, when
the w/b falls below 0.42, there is not enough capillary water for the complete hydration of cement
[252]. Hence, the decrease in relative humidity results in increased capillary pore tension, leading
to autogenous shrinkage deformations in the solid skeleton of the hydration product. Due to the
limited strength of the cementitious materials at early ages, the stress induced by autogenous
shrinkage deformation surpasses the tensile strength. This leads to the formation of microcracks,
which compromise mechanical properties and durability [281,294,295].

To counteract the adverse effects of autogenous shrinkage in cement-based materials with a low
w/b, methods such as internal curing (IC) and the use of shrinkage-reducing admixtures (SRA)
have been introduced. However, SRA come with notable drawbacks, including a significant
retardation of early hydration, destabilization of air voids, and diminishing effectiveness over time
[296]. Consequently, the adoption of internal curing techniques has become crucial, involving the
incorporation of materials with high water absorption capacity, such as SAP [45,50,51,60,111]. In
the internal curing process, internal curing agents release their water into the cementitious matrix
during self-desiccation, maintaining high internal relative humidity [13,61,297]. This helps to
reduce autogenous shrinkage, preventing early-age cracking.

However, SAP have their limitations, primarily due to their non-renewable polyacrylate
composition, raising sustainability concerns [18]. The availability and production costs of SAP

impose additional drawbacks. Moreover, there is a risk of particle agglomeration for SAP, leading
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to the formation of large pores that can negatively impact the mechanical properties of
cementitious materials [298]. To address these issues, recent research efforts have focused on
developing renewable internal curing agents, with particular emphasis on lignocellulosic-based
materials such as natural fibres, which exhibit promising hygroscopic properties [21,34,281,299].
Natural fibres offer advantages over synthetic counterparts like SAP, as they are abundant in many
regions at minimal or no expense. Thus, their application as renewable resources provides an
environmentally friendly solution, producing affordable construction materials that can be
universally used while reducing the construction sector's environmental carbon footprint.
Nevertheless, the mechanisms underlying the efficacy of natural fibres as internal curing agents in
cementitious mixes have received less attention compared to SAP, where a more comprehensive
understanding exists.

Prior studies have shown the effectiveness of natural fibres as internal curing agents
[21,22,34,62,281,300,301]. However, the development of durable cement-based materials
incorporating natural lignocellulosic fibres faces two interrelated challenges. Firstly, these fibres
undergo degradation in the highly alkaline environment of cementitious matrices, primarily due to
the alkali hydrolysis of amorphous components such as lignin and hemicellulose [174,302,303].
The readers can refer to the investigation undertaken by Wei and Meyer to understand the various
degradation mechanisms of natural fibres [303]. The second challenge involves the retarding effect
caused by soluble sugars and monosaccharides leaching from natural fibres during cement
hydration [174,304]. Several proposed pre-treatment methods aim to enhance the durability of
cementitious composites using natural fibres. These methods include fibre pre-treatment, the
incorporation of pozzolanic materials and the carbonation of the cementitious matrix in a CO2-rich

environment to lower the pH of the cement pore solution [29-31].
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As shown in Figure 6.1, besides wood fibres, plant fibres can be categorized into four groups based
on their extraction location within the plant: bast fibres, seed fibres, leaf fibres, and fruit fibres.
Certain seed fibres, such as MW floss fibres, exhibit a unique hollow structure characterized by an
exceptionally wide lumen and thin walls (Figure 6.2.c). This hollow channel, referred to as the
lumen, allows MW fibres to absorb water through capillary action, similar to a thin tube, storing
the absorbed water within the lumen. As demonstrated in a prior study by the authors, the
distinctive hollow morphology of MW fibres results in remarkable hygroscopic properties,
particularly in terms of water absorption capacity and water retention [248].

Consequently, the authors investigated the hydration characteristics of PC when combined with
pre-treated MW fibres serving as sustainable internal curing agents [282]. The findings indicated
that optimal internal curing performance could be attained by introducing 0.1% wt. of either the
HT-MW or the HY-MW fibres. Significantly, among the two pre-treatment methods, the HT-MW
fibres displayed a more gradual internal curing effect, owing to their superior water retention.
Expanding on the findings of the previous research, this study aims to evaluate the impact of
different pre-treated MW fibres on the shrinkage and mechanical properties of cement-based
materials with low w/b. Mortars with a w/b of 0.30, both with and without pre-treated MW fibres
as internal curing agents, were examined. The choice of such a low w/b was deliberate, creating
conditions that intensify self-desiccation for the assessment of the internal curing efficacy of MW
fibres in reducing autogenous shrinkage. Furthermore, this study broadened its scope to include a
comprehensive microstructural analysis, seeking insights into how MW fibres influence the
development of hydration products and interact with the cementitious matrix. We aimed to clarify

the effects of lignocellulosic hollow MW fibres, acting as internal curing agents, on shrinkage
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reduction and the mechanical properties of cementitious specimens. This involved analyzing and

comparing different pre-treated MW fibres.

NATURAL FIBRES

[
Mineral Fibres Animal Fibres Plant Fibres
[ ]

Asbestos Silk Wool

| { l |

Bast Fibres Seed Fibres Leaf Fibres Fruit Fibres Wood Fibres

Flax Milkweed Sisal E Coir Softwood
Hemp Cotton Abaca Oil Palm Hardwood
Jute Kapok Banana

Kenaf

Figure 6.1. Summary of classification of different types of natural fibres

6.2 Materials

In this study, ordinary PC conforming to the Type 1 GU cement standard was employed. The
chemical compositions of the cement are outlined in Table 6.1. A constant dosage of 1%
polycarboxylate-based superplasticizer (MasterGlenium 7500, Master Builders Solutions) falling
under the category of Type F high-range water-reducing admixtures was employed to enhance
consistency. Mortar samples were manufactured using standard sand, which met the grading
requirements specified in ASTM C788. Additionally, sodium hydroxide was obtained from
Sigma-Aldrich for the alkaline pre-treatment of HY MW fibres.

Table 6.1. Chemical Composition of cement (wt.%)

Chemical Composition (%)

CaO0 SiO; AlLO;3 Fe03 MgO KO NaO Losson ignition
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62.85 19.78 4.92 224 233 108 0.26 2.84

Mineral Composition (%)

CsS C.S CsA C.AF
53.0 14.3 7.4 6
The MW Floss fibres were sourced from Protecstyle, located in Quebec, Canada. The appearance

and microstructure of MW fibres are shown in Figure 6.2. SEM micrographs revealed the
distinctive characteristics of the fibres, showing an exceptionally wide lumen and a thin wall. The
measurements from these micrographs indicated an approximate lumen diameter of 9 um and a
wall thickness of about 0.5 um. This suggests that the empty lumen constitutes a substantial
portion, approximately 90%, of the fibre's total volume. The N-MW fibres are made up primarily
of cellulose (39%), hemicellulose (36%), and lignin (18%), with trace amounts of waxes, pectin,
and sugars (5%) [25]. To prepare the MW fibres for the study, the fibres were ground and sieved
to pass through sieve #60, resulting in an approximate size of 236 + 96 um. Two distinct pre-
treatments were applied to the fibres. The first pre-treatment involved hydrothermal treatment,
immersing the fibres in boiling water for 2 hours. The second pre-treatment, known as the HY
treatment, included both hydrothermal treatment and subsequent alkaline treatment. For a more
comprehensive understanding of the pre-treatment process applied to the fibres, a detailed

description is available in the authors' previous study [248].

b) Lateral surface view ¢) Lumen view

Figure 6.2. Image of as-received milkweed fibres
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6.3 Mix Proportions

The mortar mixtures used in this study consisted of GU cement, standard sand, and water in the
respective proportions of 1:2.75:0.30. Detailed mix proportions for the mortar specimens can be
found in Table 6.2. The fibres' content was set at 0.1% wt., identified as an optimum dosage in the
previous study by the authors [282]. Assuming an average density of 0.296 g/cm? for MW fibres
[199], their volume fraction is estimated to be around 0.34%.The variable parameter in the
mixtures focused on the pre-treatment of MW fibres, including N, HT, and HY MW fibres. The
water absorption capacity of the N, HT, and HY-MW fibres were determined to be 4145, 41+2,
and 3944 g/g, respectively. According to the previous study by the authors, N and HY MW fibres
released nearly 100% of their absorbed water within 90 minutes. However, the HT-MW fibres
exhibited a better water retention, releasing only 80% of their absorbed water when subjected to a
dry environment (38°C and 20% relative humidity)[248].

The total w/b remained constant at 0.30 for all MW fibre-incorporated mixes. However, due to
water absorption by the fibres during the pre-soaking process, a portion of mix design water was
stored in the fibres. This resulted in a modification of the effective w/b in MW incorporated
samples. The effective w/b for cement paste samples containing MW were determined through
rheological measurements, as depicted in Figure 4.2 [282]. The samples containing N and HT MW
fibres exhibited an effective w/b of 0.29, while those with HY fibres had a slightly lower effective
w/b of 0.285. Consequently, three reference samples were prepared to compare the samples
incorporating MW fibres with their corresponding reference samples with identical w/b: one with
the same total w/b of 0.30, and two others with effective w/b of 0.285 and 0.29. The rationale for
incorporating an entrained w/b of 0.01 to 0.015 using 0.1% MW fibres is discussed in detail in

section 4.2.2. In summary, this dosage was derived from the Equation 2.5 developed by Bentz et
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al., which calculates the amount of internal curing agents needed to mitigate chemical shrinkage
(CS) in cementitious mixes, targeting CS=0.07 g water/g cement for Type | GU-PC [251].
Additionally, the results obtained in Chapter 4, established 0.1% as the maximum effective dosage
for MW fibres in terms of providing improved degree of hydration.

Table 6.2 Mix proportions of the control and MW-fibres mortars

Control samples MW Fibre-added samples
REF285 REF29 REF30 N, HT HY
w/b=0.285 w/b=0.29 w/b=0.30 0.1% MW 0.1% MW

Cement (g) 500 500 500 500 500
Water (g) 142.5 145 150 150 150
Sand (g) 1375 1375 1375 1375 1375
MW fibre (g) - - - 0.5 0.5
Total w/b 0.285 0.29 0.30 0.30 0.30
Superplasticizer (mL) 5 5 5 5 5
Entrained w/b - - - 0.01 0.015

6.4 Testing Procedure

6.4.1 Setting Time

The determination of the initial and final setting times of the samples in this study was conducted
by the Vicat needle test, through ASTM C191 guidelines. This test involves assessing the depth of
penetration of the Vicat needle into the cement paste samples. A total of three samples were tested
for each specimen.

6.4.2 Drying Shrinkage and Autogenous Shrinkage

To evaluate the unrestrained shrinkage of mortar samples, prisms measuring 25x25x285 mm?3 were
made, following the guidelines outlined in ASTM C157-17. The prism moulds were filled with
mortars in two layers, sealed, and allowed to be set for 24 hours. After demoulding, the specimens

were stored in a controlled room at 50+£5% relative humidity (RH) and a temperature of 202 °C.
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The length change of specimens was measured at different time intervals. Autogenous deformation
measurements were performed on prismatic samples using the same procedure as the drying
shrinkage samples. However, after de-moulding, the autogenous shrinkage samples were sealed
with aluminum tape and measured within a metallic frame equipped with a digital deformation
transducer [184,305]. Additionally, the mass loss of each autogenous shrinkage prism was
monitored, revealing a minimal value of less than 0.11% after 50 days. This demonstrates the
negligible influence of evaporative losses and shows the efficacy of the sealing process employed
in maintaining the integrity of the measurements. A total of seven samples were tested for each
specimen.

6.4.3 Flexural and Compressive Tests

The compressive strength and flexural strength of the mortars were determined using 40x40x%160
mm? prism specimens, following the procedures outlined in ASTM C348-21. Twelve samples per
specimen were compacted using a tamper, applying twelve strokes each. Following compaction,
the specimens were covered with plastic foil and placed in an environment with a temperature of
20 £ 2 °C for 24 hours. Subsequently, the specimens were de-moulded, wrapped in plastic foil,
and stored under standard laboratory conditions (20 + 2 °C) until the testing age was reached. The
flexural strength was assessed through a three-point bending test machine. For the determination
of compressive strength, portions of the mortar prisms initially tested in flexure were used,
adhering to ASTM C349 standards.

6.4.4 Scanning Electron Microscopy (SEM)

To reveal the microstructure of cement paste samples after the incorporation of different types of
MW fibres, a Thermo Scientific Phenom XL scanning electron microscope (SEM) was used in

secondary electron (SE) and backscatter electron (BSE) modes, operating at accelerating voltages
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of 10 kV and 15 kV, respectively. Two types of samples were prepared for microscopy including
fractured parts and polished specimens. For the fractured parts, SE microscopy was employed,
while polished samples were prepared to investigate the elemental composition in the interface of
MW fibres and the cement matrix using BSE and energy-dispersive X-ray spectroscopy (EDS).
To avoid the direct polishing treatment from modifying the microstructure at the interface and
jeopardizing the authenticity of the test surface, the samples were initially subjected to resin
impregnation. After polishing, all samples were coated with a carbon film to reduce charging and
improve the contrast of SEM images. In addition, the hydration process of all samples was halted

using the solvent exchange method with isopropanol before examinations.

6.4.5 Thermogravimetric analysis (TGA)

To gain a better understanding of how different pre-treated MW fibres affect the hydration
characteristics of cementitious composites, a Perkin EImer TGA 4000 thermogravimetric analyzer
was used for thermogravimetric analysis of 7-day specimens. Before the test, cement samples were
grounded using a mortar and pestle and passed through a #200 sieve. Subsequently, the samples
underwent decomposition in a temperature range from 30 °C to 995 °C, with a heating rate of
10°/min, under a nitrogen environment. The amount of portlandite (Ca(OH)2) were then estimated
using Equation 6.1.

Mcacon,)) tm M cacon,)) Equation 6.1

m(CH) =m
© Mo “ Mo,

Besides, the hydration degree of samples was studied based on the amount of chemical bound

water (m (CBW)) using Equation 6.2 [306].
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Mu,0) Equation 6.2

m (CBW) =my, + m, +my
(€02)

Where my,, is weight loss rate (%) between 70 to 400 °C (C-S-H gel, AFt, AFm and other hydration
products), m.and my represents weight loss rate in 400-650 °C (Ca(OH)2) and 650-750°C
(CaCO0s), respectively. My, 0y, M(co,), and Mcqon,) also represents the relative molecular

weights which are equal to 18, 44, 74, respectively. Based on the derivative curve (DTG), the

precise limits for the temperature interval of CH and CBW contents were established.
6.5 Results and Discussion

6.5.1 Effect of MW fibres on setting time of cement paste samples

The effect of pre-treated MW fibres on the initial and final setting times of cement paste is
presented in Figure 6.3 It is evident that while the MW fibres had no significant impact on the
initial setting time, they notably affected the final setting time. The most prominent delay in the
final setting time was observed in the N and HT samples, with respective delays of 45+5 minutes
and 40+6 minutes. The nearly identical final setting times of the N and HT samples indicated that
the removal of waxes and pectin during the hydrothermal process for the HT sample had a
relatively minor effect on the final setting time. Instead, other compounds, such as hemicellulose,
predominantly influenced the delay in the final setting time of the cement paste samples.

The delay in the setting time of cement composites following the incorporation of lignocellulosic
fibres has been previously reported [172-174,307]. For example, in the case of hemp fibres, their
retarding effect was attributed to the trapping of OH™ ions. This trapping was proposed to be
primarily carried out by the free carboxylate and alcohol functional groups present in pectin, which

made up around 20% of the composition of hemp fibres [172]. However, it's important to highlight
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that MW fibres possess approximately 0.4% pectin in their composition [25], making it improbable
that pectin was the main factor responsible for the observed delaying effect in this study. Instead,
the high concentration of hemicellulose in MW fibres, estimated at around 36%, is proposed to
play a crucial role in the delayed setting time [282]. Hemicellulose contains free carboxylate
functional groups in its structure, which become ionized in alkaline media. This leads to the surface
fibre carrying a negative electrical charge that can adsorb and trap Ca?* ions, acting as a retarder
and growth inhibitor for CSH hydrates [172]. Another mechanism explaining the retarding effect
of the N-MW and HT-MW fibres is the adsorption of monosaccharides, primarily originating from
hemicellulose, onto anhydrous cement grains, inducing a setting delay by hindering water access
to non-hydrated cement grains [175,176]. The notably reduced delay in setting time for samples
containing HY fibres (i.e., 18+3 minutes) confirmed this conclusion that the removal of
hemicellulose from MW fibres during the hybrid pre-treatment process resulted in decreased
leaching of retarding extractives. This removal of hemicellulose from the HY-MW fibres was
evidenced in the authors' previous studies by the disappearance of the FTIR absorption peak at
1735 cm™ C=0 stretching vibration of the carboxylate group followed by the pre-treatment [248].
Consequently, this resulted in a significantly weaker retarding effect when compared to the
reference sample and demonstrated the relative efficacy of the hybrid pre-treatment method in

minimizing the adverse impact of lignocellulosic fibres on the PC setting time.
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Figure 6.3. Variation of setting time of cement paste with non-treated and pre-treated MW fibres

6.5.2 Effect of MW fibres on the degree of hydration of cement paste samples

As illustrated in Figure 6.4, TGA was performed on 7-day specimens to examine the impact of
MW fibres on the degree of hydration. The summary of the calculated portlandite content and
chemically bound water, derived from TGA thermograms, is presented in Table 6.3. It is evident
that the HT and HY samples displayed the highest portlandite content at 17.7% and 17.6%,
respectively. In contrast, the N sample exhibited the lowest portlandite content at 16.7%, compared
to REF30, which showed a portlandite content of 17.7%. This indicates that both pre-treated MW
fibres, HT and HY, were successful in achieving a similar degree of hydration as the reference
sample with the same total w/b. This is further confirmed by the percentage of chemically bound
water (CBW), where the HT and HY samples demonstrated the highest percentages of CBW at

6.4% and 6.6%, respectively, compared to 6.4% in the REF30 sample.
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Figure 6.4. TGA results of the MW incorporated specimens

Table 6.3. Chemically bound water (m (CBW)) and Portlandite content (m (CH) of MW
incorporated specimens based on TGA/DTG curves

Mixture | m (FW) (%) m (CBW) (%) L CH (%) L Calcite (%) m (CH) (%)
REF30 2.6 6.4 2.5 4.5 17.7
N 3.3 6.0 2.4 4.0 16.7
HT 3.3 6.4 24 4.6 17.7
HY 2.7 6.6 24 4.6 17.6

6.5.3 Effect of MW fibres on autogenous shrinkage of mortar samples

During the hydration process of cement, water is gradually consumed, causing the initially water-
filled pores to become partially unsaturated. This phenomenon triggers the formation of menisci
within the pores. The drying capillary pores form menisci with a small curvature radius, resulting
in significant capillary tension, and as a result, substantial autogenous shrinkage strains [308-310].
The magnitude of autogenous shrinkage is directly related to the w/b. Lower w/b facilitate the

rapid formation of smaller pores, intensifying capillary tension and resulting in higher shrinkage
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due to pore size refinement [311,312]. This relationship is evident in Figure 6.5, where mortar
samples with lower w/b exhibit higher absolute shrinkage values. Autogenous shrinkage is
particularly concerning in the early ages as it develops rapidly when the cement paste possesses
weaker mechanical properties compared to long-term drying shrinkage [313]. In this study, the
term 'early-age' refers to the period from the placement of the mixes up to 7 days.

Time (days)
0 1 2 3 4 5 7 8
0 1

~o--REF285 -x REF29 —-+—REF30
.50 -
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-200 A

Autogenous Shrinkage (ne)
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Figure 6.5. Autogenous shrinkage development of the reference mortar mixes with w/b=0.285,
w/b=0.29, and w/b=30

Figure 6.6 and Figure 6.7 depict the autogenous shrinkage strains of cement mortar mixtures
containing MW fibres at both early and long-term ages. Typically, the most significant autogenous
shrinkage occurs within the initial days following mixing. During this period, the mixture lacks
sufficient tensile strength to withstand the crack propagation triggered by shrinkage stresses. The
3-day autogenous shrinkage of all specimens reached approximately 80-85% of their autogenous
shrinkage at 7-days, showing that the major portion of autogenous shrinkage appeared at the first
3 days. While autogenous shrinkage typically stabilizes within the initial days for cement mixes
with a normal w/b (i.e., w/b> 0.42), the continual rise in shrinkage strains across all mixtures can
be attributed to the low w/b and high cement dosage. Comparatively, the N sample showed

negligible changes in autogenous shrinkage strains, whereas the HT and HY samples exhibited
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meaningful reductions, demonstrating the efficacy of internal curing water released by the HT and
HY pre-treated MW fibres. Specifically, the HT sample demonstrated a remarkable 27% reduction
in autogenous shrinkage at 3 days, maintaining a consistent reduction of 23% and 28% at 4 and 7
days, respectively. Conversely, the HY sample showed a 12% reduction at 3 days, progressively
enhancing its effectiveness with reductions of 17% and 26% at 4 and 7 days, respectively. These
reductions showed the effective role of the pre-treated MW fibres in the internal curing of the
mortar. This effect plays a crucial role in mitigating tension induced by drying capillary pores
during cement hydration, consequently reducing autogenous shrinkage in the cementitious mixes.
It is important to note that the comparisons are made against reference samples having the same
wi/b as those samples that incorporate fibres (i.e., HT vs. REF29 and HY vs. REF285). Notably,
the HY samples faced a harsher condition in terms of self-desiccation due to their slightly lower
effective w/b.

In summary, pre-treated MW fibres can effectively reduce autogenous shrinkage through two
mechanisms. Firstly, both the HT-MW and HY-MW fibres contribute to internal curing,
maintaining high humidity within the cementitious matrix for continued hydration. Secondly, after
releasing their water, the bridging effect of the fibres helps mitigate autogenous deformations
[314]. A comparison of autogenous shrinkage values between the HT-MW and HY-MW fibres
suggested that the latter exhibited slightly a higher shrinkage strain (i.e., the absolute value) in the
early stages of the experiment. This difference in behaviour can be attributed to the superior
bridging effect of HT-MW fibres compared to HY MW fibres, owing to their lower susceptibility
to mineralization and subsequent alkaline degradation (i.e., loss of integrity). This resulted in a
less pronounced shrinkage in the HT sample compared to samples with HY MW fibres. This aspect

was thoroughly discussed later in the section 6.5.6 In contrast, as received MW fibres i.e., N MW
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fibres, displayed no reduction in the autogenous shrinkage of cementitious specimens. This lack
of effectiveness in reducing autogenous shrinkage is attributed to their inadequate internal curing
capability. In particular, the diminished internal curing performance of N MW fibres was
evidenced by a lower formation of hydration products, as confirmed through TGA and EDS
analyses.

In comparison to other lignocellulosic fibres, the pre-treated MW fibres (i.e., HT and HY)
demonstrated a notably effective impact on reducing autogenous shrinkage. For instance, when
compared to plain mortar, 0.25% weight of abaca fibres reduced autogenous shrinkage at 8 days
by 21% [21]. Additionally, the addition of 1% cellulose fibres resulted in a 13% reduction in 7-
day autogenous shrinkage in mortar [163]. However, 0.1% wt. pre-treated MW fibres exhibited
autogenous shrinkage reduction ranging from 12% to 27% in within 3 days in mortar samples.
This reduction further increased to 26% to 28% within 7 days. This demonstrated the critical role
of the unique hollow structure in MW fibres for their effectiveness in internal curing and mitigating

autogenous shrinkage, setting them apart from other lignocellulosic materials.
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Figure 6.6. a) early age, and b) long-term autogenous shrinkage development of mortar mixes
containing hybrid treated MW fibres, compared to the reference sample with the same effective
w/b
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Figure 6.7. a) early age, and b) long-term autogenous shrinkage development of mortar mixes
containing non-treated and hydrothermally treated MW fibres, compared to the reference sample
with the same effective w/b

6.5.4 Effect of MW fibres on drying shrinkage of mortar samples

Figure 6.8 illustrates the drying shrinkage strain of cement mortar mixtures incorporating MW
fibres. The drying shrinkage behaviour of mortar specimens with MW fibres showed two different
patterns. Firstly, both the N and HT samples experienced significantly higher drying shrinkage,
with increases of 30% and 29% respectively compared to their corresponding plain mortar
samples, within the first 3 days. However, as the testing period progressed to 63 days, the drying
shrinkage values for these MW fibre-containing samples gradually approached those of the plain

mortar samples, with the difference becoming negligible (i.e., <t5%) and statistically
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insignificant. In contrast, the HY sample demonstrated less severe drying shrinkage in the first 3
days, with a 20% increase compared to the plain mortar sample. However, after the initial three
days, the drying shrinkage in the mortar samples containing HY increased compared to the plain
mortar samples. This trend persisted throughout the remainder of the testing period. For instance,
the increase in drying shrinkage from the 7™ day to the 28" day ranged between 15% and 9%,
respectively. The water loss measurements of samples incorporating MW fibres under drying
conditions exhibited the same overall trends, as depicted in Figure 6.9.

The observed difference between the drying shrinkage behaviour of the HY sample in comparison
to the N and HT sample in the later ages is an interesting finding, necessitating a deeper
understanding of the underlying factors influencing drying shrinkage in cementitious matrices.
The drying shrinkage of the cementitious matrices is closely related to the magnitude of its porosity
and the size and connectivity (percolation) of the capillary system in the hydrated cement paste
[170,315]. The higher the connectivity of capillary pores network, the higher the drying shrinkage.
Thus, the different responses of various MW fibres in mitigating drying shrinkage can be explained
by their role in connecting to the capillary network.

HY MW fibres, having undergone a pre-treatment process that removes lignin, exhibit greater
hydrophilicity compared to the N and HT MW fibres. Consequently, HY MW fibres, reaching
several hundred micrometers in size, establish new pathways for transporting moisture outward by
connecting to the capillary pore network, microcracks (induced by shrinkage), and macro cracks
(induced by fibre contraction after release of their entrained water). This connection to the pore
network of the cementitious system was mainly facilitated by the migration of cement products
into the lumen of HY MW fibres (as shown in Figure 6.13-a.1-2). These newly formed extensive

pore networks created by HY MW fibres subsequently exacerbate drying shrinkage by facilitating
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moisture transport to the unsaturated environment. Additionally, the distinct morphology of HY
MW fibres could be an additional reason in facilitating moisture transport within these pore
networks. Firstly, the removal of hemicellulose and lignin during the pre-treatment process results
in accelerated moisture transport through thinner cell walls (i.e., removing a physical barrier).
Moreover, the presence of defects and holes within the structure of HY MW fibres could also
contribute to easier moisture transport. These drastic morphological changes were previously

showed in the study by the authors [248].
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Figure 6.8. Drying shrinkage deformations of mortar mixes with; a) non-treated (N) and
hydrothermally treated (HT), and b) hybrid-treated (HY) MW fibres comparing to reference
mixes with the same effective w/b
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Figure 6.9. Water loss (%) of mortar mixes with; a) non-treated (N) and hydrothermally treated
(HT), and b) hybrid-treated MW fibres (HY) comparing to reference mixes with the same
effective w/b

6.5.5 Effect of MW Fibres on mechanical properties of mortar samples

The effects of adding MW fibres on both the compressive strength and the flexural strength of
mortar mixes are depicted in Figure 6.10 and Figure 6.11, respectively. For the N samples, there
was a notable reduction in compressive strength by 9.5% at 7 days and 8.4% at 28 days compared
to the reference sample. The HT sample underwent a 4.7% decrease in compressive strength at 7
days, but by the 28" day, the HT and its corresponding reference exhibited almost identical
strengths, both reaching around 71 MPa. In contrast, the HY samples maintained similar
compressive strengths to those of their corresponding reference samples at both the 7- and 28-day

curing ages, recording strengths of 64 MPa and 72 MPa, respectively.
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Regardless of the incorporation of MW fibres, it can be seen that as the w/b decreases, the
compressive strengths increase. This is due to the fact that the paste's strength is typically a
function of number and size of capillary pores, which is primarily dependent of w/b [316]. An
exception was observed in the N sample, which can be attributed to the significant poisoning effect
of leachates and their role in interruption of hydration reaction [282]. The existing literature
suggests that the inclusion of internal curing agents, such as SAP, and natural fibres such as sisal
fibres, and Lechuguilla fibres, often leads to a decrease in early-age compressive strength. This
reduction is attributed to the increased porosity of the cementitious composite due to the macro
voids introduced by the internal curing agents following the release of their entrained water
[34,62,127,281]. However, the reduction in compressive strength can be compensated at later ages,
as the hydration proceeds at a higher rate since a higher internal RH is maintained in the internally
cured specimens [128]. Consequently, the strength gap between reference mixes and those with
internal curing agents becomes smaller as internal curing becomes more pronounced in the later
stages. This holds true for both pre-treated MW fibres i.e., HT and HY, where their efficiency of
internal curing has been shown previously. However, the HY samples, owing to their quicker

release of internal curing water, exhibited superior performance even at early stages.

163



0O7-day 28-day

N

N

7z

D

7
gz

60

Compressive Strenght (MPa)
W (=2
(9] (9]

7

50

[(REF285 HY | REF29 N  HT |REF30)

Figure 6.10. Compressive strength of mortar mixes after addition of MW fibres

Analyzing the flexural strengths of mixtures with MW fibres showed a different pattern than seen
in the compressive strength results. Initially, at 7 days, pre-treated MW fibres (the HT and HY
samples) showed a statistically significant increase in flexural strength (6.8 MPa and 6.6 MPa,
respectively), whereas the N sample maintained almost the same flexural strength compared to
their reference samples. However, by the 28-day age, the inclusion of MW fibres led to a notable
decrease across all types compared to their corresponding reference, with the N samples showed
the lowest strength at 6.9 MPa and the HT samples exhibited the highest flexural strength at 7.8
MPa. This decrease in flexural strength of all samples at 28 days compared to their references can
be attributed to the alkali degradation of MW fibres due to prolonged exposure to the high alkali
environment of the cementitious matrix.

Variations in the flexural strength of samples can be linked to the different drying shrinkage
behaviours of MW-incorporated samples, as observed in Figure 6.8. Indeed, the primary
mechanism impacting the flexural strength of specimens is the microcracks induced by drying
shrinkage. These microcracks can serve as stress risers, significantly reducing the flexural strength
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of the specimens. This effect was notably observed when comparing the HT sample to the HY
sample. While the difference in flexural strength between the HT and the HY sample was relatively
small at 7 days, the significant development of drying shrinkage-induced microcracks in the HY
sample resulted in a notable drop in its flexural strength compared to the HT sample. For instance,
the 28-day drying shrinkage of HY sample compared to the HT sample was recorded 681 ue and
640 pe, respectively. Additionally, the inferior flexural strength of the N samples can be attributed
to their pronounced poisoning effect and poor internal curing performance compared to the pre-
treated samples, leading to a weaker cement matrix with lower flexural strength at both ages.

It is of great importance to understand that the role of MW fibres here was not intended for
reinforcing the cementitious matrix. This is because hollow fibres, such as those derived from
Milkweed and Kapok, typically have low tensile strength (within the range of 100-300 MPa)
[199,317,318] unlike bast fibres such as Flax, Jute, Hemp, and Kenaf, which exhibit higher tensile
strength (ranging from 400-1000 MPa) [319]. Moreover, the interfacial adhesion between
lignocellulosic fibres and the cementitious matrix is usually weak resulting in incomplete load
transfer [302,319-322]. However, in addition to the mechanism explained in the previous
paragraph, the bridging effect of MW fibres can be a secondary mechanism to explain lower
flexural strength of the HY sample compared to the HT sample. Specifically, the strength of the
HY-MW fibres was expected to be lower due to the more rigorous pre-treatment process compared
to HT-MW fibres. This conclusion was supported by previous morphological observations, which
revealed the presence of holes and defects within the structure of HY MW fibres, while the HT-
MW fibres exhibited almost intact morphology [248]. Mineralization of lime within the lumen of
the HY MW fibres is another phenomenon which increases fibre embrittlement and could diminish

the flexural strength comparing to the HT sample, which is shown in Figure 6.13.a.1-2,
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Figure 6.11. Flexural strength of mortar mixes after addition of MW fibres

6.5.6 Effect of MW Fibres on the microstructure of mortar Samples

Figure 6.12 shows the dispersion of 0.1% wt. MW fibres throughout the cement paste samples. As
discussed earlier, these water reservoirs, while serving as internal curing agents, may act as macro
voids after delivering their entrained water to the matrix, thereby affecting the compressive
strength and drying shrinkage [170,323,324]. No evidence of agglomeration was detected during
the assessment of dispersion for both non-treated and pre-treated MW fibres. The effective
dispersion of internal curing agents (i.e., MW fibres) is a crucial factor which not only contributes
to the mechanical properties of the final cementitious composite but also impact their internal
curing capability in reducing autogenous shrinkage. For instance, recent studies on Eucalyptus
fibres and cellulose fibres revealed that higher dosages can lead to poor dispersion, resulting in
inadequate internal curing efficiency and diminished performance in reducing autogenous

shrinkage of the cementitious composites [23,163].
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Dispersion of
MW fibres

300 um
Figure 6.12. SEM image of dispersion of MW fibres across cement paste matrix

As previously mentioned, both the N- and HT-MW fibres primarily consist of cellulose,
hemicellulose, and lignin. In Figure 6.13. b-1, it is evident that the HT-MW fibres exhibit an empty
lumen cavity within the cementitious matrix, a characteristic also observed in N MW fibres. The
main component of lignocellulosic fibres which acts as a physical and or chemical barrier to the
migration and precipitation of cement into the fibre cavity is reported to be lignin [325,326], which
is present in both the N- and HT-MW fibres. In fact, fibres with lignin have lower surface energy,
resulting in higher contact angles with water (or other polar liquids) and reduced hydrophilicity
compared to fibres from which lignin has been removed during pre-treatment (i.e., the HY sample)
[327]. Consequently, the presence of lignin in the N- and HT-MW fibres renders them less
susceptible to mineralization compared to the HY-MW fibres. It's worth mentioning, however, that
in some HT and N fibres, minor mineral precipitation was observed at the fibre openings with no
penetration into the lumen, as shown in as shown in Figure 6.13.b-2. This observation showed how

the presence of lignin can disconnect the fibres from the pore network of cementitious system,
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which resulted in a better drying shrinkage behaviour of the N and the HT sample compared to the
HY sample as observed in Figure 6.8.

On the other hand, the elimination of lignin in HY MW fibres resulted in increased surface energy
and hydrophilicity, thereby increasing their susceptibility to mineralization, as demonstrated in
Figure 6.13.a-1. The mineralization of HY MW fibres occurs through the migration of calcium
hydroxide (CH) and Ca?* ions to the lumen cavity, where CH crystallizes [328]. The depth of
penetration of these hydration products inside the fibre lumen reached up to 150 um, as evidenced
by SEM micrographs in Figure 6.13.a-2. Consequently, it is crucial to note that not all MW fibre-
incorporated samples led to empty macro voids after delivering their entrained water, as
mineralization can fill up the fibres in the absence of lignin. Furthermore, as discussed earlier,
mineralization is one of the main reasons for the formation of an integrated pore network within
the cementitious matrix after incorporating HY MW fibres, resulting in their poor drying shrinkage
behaviour compared to the N and HT sample.

Elemental maps presented in Figure 6.14, Figure 6.15, and Figure 6.16 illustrate spatial distribution
of major chemical elements at the interface between the N, HT, and HY MW fibres with
cementitious matrix after 28 days, respectively. Micrographs and data summarized in Table 6.4
show that the HY samples exhibited the highest concentration of Si and Si/Ca values in the vicinity
of the fibres, followed by the HT samples. This observation is attributed to the enhanced internal
curing efficacy of HY MW fibres, improved hydration, and may also be related to mineralization
occurring in their lumen, which was not possible for the N and HT MW fibres due to the presence

of lignin within the structure of fibres.
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Figure 6.13. SEM micrographs of the effect of a) hybrid treated (HY), and b) hydrothermally
treated (HT) on the microstructure of cement paste samples after 7 days

Another significant characteristic observed in the micrographs is the degradation of all fibres after
exposure to the cementitious matrix for 28 days. This phenomenon explains the lower observed
28-day flexural strength of MW-incorporated samples compared to their corresponding references.
For the N and HT MW fibres, the alkaline attack due to the severe alkaline environment of the
matrix led to the destruction of fibre integrity through alkali hydrolysis of hemicellulose and lignin.
In contrast, HY MW fibres exhibited a different mechanism of degradation, namely mineralization

through the growth of hydration products inside the lumen.
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Figure 6.14. Elemental map by EDS of non-treated MW fibres in cement paste
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Figure 6.15. Elemental map by EDS of hydrothermally treated MW fibres in cement paste
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Figure 6.16. Elemental map by EDS of hybrid treated MW fibres in cement paste

Table 6.4. Elemental compositions analysis (atomic concentration) acquired based on Energy
dispersive X-ray spectroscopy (EDS) from polished cement paste sample containing MW fibres
after 28 days of hydration

Mixture | Al Mg  Si Ca Al/Ca Si/lCa

N 8.82 412 2247 6459 014 035
HT 891 445 2332 63.33 014 0.37
HY 893 416 2598 6093 015 043

6.6 Conclusions

The incorporation of pre-treated MW fibres was shown to effectively reduce autogenous shrinkage
in mortar samples. This reduction is primarily attributed to their role as water reservoirs, releasing
entrained water during the self-desiccation process and maintaining high internal relative humidity
in the cementitious matrix. The pre-treated MW fibres i.e., the HT and HY samples, exhibited
superior performance, demonstrating reductions of 28% and 26% at 7 days compared to their
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corresponding reference samples, respectively. These results are particularly promising when
contrasted with other lignocellulosic materials used in higher dosages but showing less
effectiveness in reducing autogenous shrinkage. This efficacy is mainly linked to the extremely
wide cavity of MW fibres, which serves as a reservoir for internal curing water.

It was also observed that lignin within the structure of MW fibres plays a critical role in the
development of drying shrinkage in natural fibre-incorporated cementitious samples. Indeed, the
presence of lignin in the HT sample was shown to have a positive effect in controlling drying
shrinkage while also exhibiting higher flexural strength. In contrast, it was shown that removing
lignin resulted in greater hydrophilicity of HY MW fibres, leading to the migration of cement
products into the fibre lumen. This mineralization formed an extensive integrated network for
moisture transport by connecting to the capillary pores, microcracks, and macrocracks, ultimately
exacerbating drying shrinkage behaviour. The higher occurrence of microcracks induced by severe
drying shrinkage in turn diminished the flexural strength of the HY sample at later ages.
Moreover, incorporating MW fibres led to a slight reduction in the 7-day compressive strength of
mortars incorporating the HT-MW fibres, whereas it did not significantly alter the strength for the
HY samples. However, the internal curing role of both pre-treated MW fibres (i.e., HT and HY)
resulted in almost identical compressive strength as the reference sample as internal curing
enhanced in the later stages.

In conclusion, this study demonstrated the potential of using pre-treated MW fibres as internal
curing agents to effectively reduce autogenous shrinkage, with minimal compromise in terms of

the compressive strength of cementitious composites.

172



Chapter 7 Synthesis, Integration and General Discussion of Results

Finding economically viable and environmentally friendly superabsorbent materials for internal
curing of low w/b cementitious mixes is gaining importance in the drive toward sustainability. The
use of such materials extends beyond construction applications, encompassing diverse markets
such as personal hygiene, biomedical products, meat packaging, waste treatment, agriculture water
conservation, and water purification. Natural hollow fibres present a practical solution sourced
from renewable resources, offering advantages like availability, abundance, and affordability. This
study specifically focused on MW hollow fibres, found abundantly in roadside areas, fields,
meadows, and waste zones. The distinctive morphology of these fibres enables them to store water
within their extremely wide lumens, serving as efficient water reservoirs. This provides a
sustainable option for internal curing of low w/b cementitious mixes, which are susceptible to self-
desiccation. However, fibre pre-treatment is essential not only to enhance their hygroscopic
behaviour but also to improve compatibility with the cementitious matrices they are incorporated
into. Hydrothermal treatment and alkaline treatment are cost-effective and environmentally
friendly methods capable of enhancing the hygroscopic properties and compatibility of
lignocellulosic fibres. Therefore, this research investigated the internal curing efficacy of the HT-
MW fibres and HY-MW fibres (undergoing additional alkaline treatment alongside hydrothermal
treatment) in four phases.

To gain a comprehensive understanding of the behaviour of MW fibres and their overarching
impact on the properties of cementitious mixes, this chapter consolidates and discusses the results
obtained from all four technical papers. In the initial stage outlined in Chapter 3, a comprehensive
investigation was conducted into the impact of fibre length and different pre-treatment methods

on the hygroscopic properties. Furthermore, a detailed examination of the morphological changes
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and the chemical composition of MW fibres after each pre-treatment was undertaken. The primary
goals of this phase were twofold: (1) To understand whether a particular pre-treatment strategy
demonstrate superior hygroscopic properties compared to others. (2) To investigate the influence
of fibre size on the relative hygroscopic performance of these fibres. In the second phase (Chapter
4), the influence of different pre-treated MW fibres and their dosage on the effective w/b and the
hydration process of cement paste was studied. The specific objectives of this phase included: (1)
Determining the effective w/b of each cement mix after the incorporation of MW fibres. (2)
Assessing whether specific pre-treated MW fibres enhance or hinder the degree of hydration in
cementitious mixes. (3) Investigating the impact of fibre dosage on the hydration properties of
cementitious mixes at early-ages. In the third phase (Chapter 5), the study investigated the kinetics
of water transport between the pre-saturated MW fibres and the PC pastes. The primary objective
was to determine how morphological features and chemical composition impact the internal
curing, specifically focusing on the water desorption behaviour of fibres within the cementitious
matrix. The fourth phase (Chapter 6), focused on evaluating the effectiveness of different pre-
treated MW fibres in mitigating drying and autogenous shrinkage of low w/b mixes. Additionally,
it involved an examination of compressive strength, flexural strength and microstructural
development in internally cured cementitious composites.

A detailed examination of the morphological changes and chemical composition of MW fibres
resulting from each pre-treatment was performed using SEM, BET, FTIR, and XRD techniques.
All tests were conducted on GU PC paste, with the exception of assessments related to mechanical
properties and shrinkage, which were carried out on cement mortar using standard sand.
Furthermore, a thorough analysis of the impact of MW fibres on the evolution of hydration

products and microstructure of cement mixes was undertaken using TGA/DTG, XRD, and SEM.
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The integration of 'H NMR with DSC allowed for a comprehensive analysis of water transport
kinetics during the early stages of hydration in cement pastes. The key findings of this research

are synthesized and discussed in the following sections.

7.1 Study of characteristics of pre-treated MW fibres

The results revealed a hollow structure with a smooth surface for the N-MW fibres, featuring some
protrusions indicative of wax debris. Following the hydrothermal treatment, these protrusions were
eliminated, resulting in a smoother surface with reduced protrusions in the HT-MW fibres. This
process effectively removed waxes, pectin, and impurities, demonstrating that hydrothermal
treatment was a simple and non-aggressive approach that did not significantly impact the
morphology of MW fibres, allowing them to retain their hollow structure. However, a drastic
alteration in the morphological characteristics of MW fibres was observed after the HY treatment.
This treatment led to the removal of lignin and hemicellulose, causing the collapse of the hollow
structure and the formation of defects and holes on the fibre wall. Moreover, it was seen that both
pre-treatments were able to enhance the water absorption rate of the fibres by removing the
hydrophobic extractive components. Furthermore, the HT-MW fibres exhibited a superior water
retention property when compared to the two other fibre types (i.e., NT and HY). This
improvement was linked to their enhanced hydrophilicity and the preservation of their intact
hollow structure. Additionally, it was noted that an increase in the length of the fibres correlated
with a higher absorption capacity and improved water retention compared to the MW fibres with
shorter lengths. However, the easier dispersion of shorter fibres in cementitious mixes presented a
significant advantage over using the longer fibres. This facilitated more uniform distribution and
integration within cement mixes, preventing any possible agglomeration and enhancing the overall

performance of the final internally cured cementitious mixes.
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7.2 Study of properties of cementitious mixes after incorporating MW fibres

7.2.1 Effective w/b

The introduction of MW fibres to PC paste resulted in a shift in their effective w/b to lower values.
This occurred because of the absorption action of MW fibres during the pre-saturating of the fibres
prior to adding them to the cement paste. The amount of entrained w/b ranged from 0.01 to 0.02,

resulted from incorporation of 0.1% to 0.2% wt. of MW fibres.

7.2.2 Internal Curing Effect

The introduction of 0.1% HY- and HT-MW fibres into cementitious mixes yielded an improved
degree of hydration of 14% and 17%, respectively. This was achieved by supplying of an adequate
amount of free water for the initial cement hydration reaction and entrained water in the lumen of
MW fibres for subsequent internal curing. A critical distinction between the HT-MW and HY-
MW fibres emerged in their impact on hydration Kinetics. The former displayed a gradual
enhancement in hydration due to the steady release of stored water in the lumen, while the latter
resulted in a prompt hydration reaction without any retardation. Despite the unregulated hydration
kinetics caused by the HT-MW fibres during the first hours, their enhanced hydrophilicity and
water retention property led to superior performance in terms of internal curing.

7.2.3 Effect of fibre dosage

It was observed that using 0.1% MW fibres resulted in superior internal curing performance
compared to using 0.2% MW fibres. The incorporation of an excessive quantity of MW fibres
(0.2% wt.) harmed the development of the hydration process. This was linked to a notable decrease
in the effective w/b and the agglomeration of fibres, hindering the access to entrained water and

reducing the availability of free water crucial for the hydration process. Additionally, the presence

176



of an excess of MW fibres led to an augmented leaching of extractives, adding further hindrance

to the overall hydration process.

7.2.4 Compatibility

The HY treatment of MW fibres was observed to successfully enhance their compatibility with the
cementitious environment while minimally affecting the progression of hydration. However, the
addition of the N- and HT-MW fibres led to unregulated hydration. The leaching of hemicellulose
in the alkaline environment of the cement matrix played a pivotal role in influencing the hydration
of CsS. Notably, hemicellulose as the primary source of monomeric sugars, exhibited the most
significant retarding effect on cement hydration. The delay in the hydration of cement particles
was attributed to the formation of a semi-permeable organic layer around the cement grains or
nucleation poisoning, resulting in a reduced rate of water osmosis to the cement grains.
Furthermore, in the initial minutes of hydration, it was observed that sugars and their degradation
by-products, resulting from the alkali hydrolysis of waxes and pectin, reacted with C3A. This
reaction increased ion concentrations in the pore solution, which accelerated the dissolution rate
of CsA. Consequently, the rate of hydration significantly increased within the first few minutes in
the N-MW fibres.

7.2.5 Microstructure development

The existence of lignin within the structure of MW fibres was found to exert a notable impact on
the development of the microstructure. In both the NT- and HT-MW fibres, the presence of lignin
along their walls served as a hindrance to the penetration and precipitation of calcium-rich minerals
within the lumen of the fibres. However, in the HY-MW fibres, where a significant portion of
hemicellulose and lignin had been removed, the ingress and formation of hydration products,

primarily calcium hydroxide (CH), within the lumen of the fibres was observed.
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7.2.6 Water transport between fibres and the cement matrix

The presence of a 3" peak in the T2 range of 19.9-76.33 ms in MW-incorporated cement pastes,
served as evidence for internal curing water stored within the wide lumen of MW fibres. The
lumens of MW fibres acted as water reservoirs, supplying internal curing water for 6-12 hours.
Based on the NMR and DSC results, it was observed that both the morphological features and the
presence of extractives such as lignin can impact the kinetics of entrained water transport from
MW fibres to cementitious matrices. The presence of holes and defects on the wall of HY-MW
fibres resulted in higher mobility of entrained water (i.e., longer T2) compared to other types of
MW fibres. In addition, these morphological defects led to quicker depletion of water and lower
proton concentration in NMR analyses. Besides, lignin was shown to have a key role in the kinetics
of water transport from MW fibres to the cement paste. Lignin acted as a barrier, preventing
mineralization and thereby protecting the entrained water stored inside the lumen in N- and HT-
MW fibres. However, the absence of lignin in HY-MW fibres led to the migration of hydration
products into the lumen and early consumption of their entrained water. Overall, the HT-MW
fibres, with their preserved hollow morphology and enhanced hydrophilicity, demonstrated
effective performance, showing the highest amount of available internal curing water due to their
superior water retention.

7.2.7 Autogenous shrinkage

The N-MW fibres exhibited minimal changes in autogenous shrinkage strains of cement mortars.
In comparison to other lignocellulosic fibres, the pre-treated MW fibres (i.e., HT and HY)
demonstrated a significantly effective impact on reducing autogenous shrinkage considering their
low dosage. These reductions, measured at 28% and 26% at 7 days for the HT and HY samples,

respectively, showed the role of internal curing by the MW fibres in mitigating capillary pore
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emptying during the hydration of cement, thereby effectively reducing autogenous shrinkage in
cement mortars. A comparison of autogenous shrinkage between HT-MW and HY-MW fibres
exhibited the superior bridging effect of HT-MW fibres. Their lower susceptibility to
mineralization and alkaline degradation (i.e., loss of integrity) resulted in less pronounced
shrinkage compared to HY-MW fibres.

7.2.8 Drying shrinkage

It was observed that lignin within the structure of MW fibres played a critical role in the
development of drying shrinkage in natural hollow fibre-incorporated cementitious samples. The
presence of lignin in the N and HT samples had a positive effect on controlling drying shrinkage.
In contrast, removing lignin resulted in greater hydrophilicity of the HY-MW fibres, leading to the
migration of cement products into the fibre lumen. This mineralization formed an extensive
integrated network for moisture transport to the surface by connecting to the capillary pores,

microcracks, and macrocracks, ultimately worsening the drying shrinkage behaviour.

7.2.9 Compressive strength

It was observed that the NT-MW fibres led to a decrease in compressive strength at both 7-day
and 28-day ages in comparison to its corresponding reference sample. For the HT MW fibres, the
compressive strength exhibited a slight decrease at the 7-day age; however, by the 28-day age, it
converged to its reference counterpart. On the contrary, the incorporation of the HY samples
demonstrated almost identical compressive strengths to its reference sample at the 7- and 28-day
ages. The initial addition of internal curing agents may cause a temporary reduction in compressive
strength due to the formation of macro voids and the low densities of the added natural fibres,
however, this drop was offset at later ages by the internal curing effect of the pre-treated MW

fibres.
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7.2.10 Flexural strength

The incorporation of both types of pre-treated MW fibres (i.e., the HT- and HY-MW fibres)
yielded enhanced flexural strength compared to their respective reference samples, whereas the N
sample maintained nearly identical flexural strength at the 7-day age. However, by the 28-day age,
the inclusion of MW fibres led to a notable decrease across all types compared to their respective
references. Among the pre-treated MW fibres, the HY-MW fibres exhibited slightly lower flexural
strength. The higher occurrence of microcracks in the HY sample, induced by severe drying
shrinkage at later ages, could act as stress risers and significantly diminish flexural strength.
Moreover, the mineralization of lime within the lumen of HY-MW fibres led to increased fibre

embrittlement, consequently reducing the flexural strength.
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Chapter 8 Conclusions and Future Work

8.1 Conclusions

This PhD project investigated the potential of natural hollow fibres, specifically MW fibres, as
superabsorbent materials for use as internal curing agents in low w/b mixes. The core idea was
based on the extremely wide lumen of MW fibres, which was hypothesized to substantially
improve their hygroscopic properties compared to other natural fibres, through capillary action.
The first phase of this study focused on understanding the hygroscopic behaviour of MW fibres
after different treatment methods, forming the foundation for the project's next phase. Different
pre-treatment techniques were tested, such as hydrothermal and hybrid treatments (which involved
hydrothermal treatment followed by alkaline treatment). A challenge encountered in this phase
was the fluffy nature and low density of MW fibres. These characteristics, linked to the hollowness
and extremely thin walls of the fibres, posed difficulties in measuring hygroscopic properties.
Thus, the common measurement standards used for superabsorbent materials were not applicable
to MW fibres. Therefore, a new modified method was developed to overcome this obstacle,
involving a stirring followed by a filtration method for measuring hygroscopic properties.

It was expected that the hybrid treatment would significantly improve hygroscopic properties due
to the alkaline treatment—commonly reported in the literature as effective for enhancing
hygroscopic properties. While the hybrid treatment enhanced water absorption, it compromised
water retention due to morphological defects caused by the removal of lignin and hemicellulose.
On the other hand, hydrothermal treatment showed outstanding water absorption and retention by
removing waxes and pectin without compromising the hollow structure, as confirmed by FTIR
and SEM examinations. It was also observed that the longer MW fibres had higher water

absorption and retention properties. However, the main challenge with long MW fibres was their
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difficulty in dispersing in water compared to the shorter fibres. Therefore, to avoid the
consequences of fibres agglomeration within the cementitious matrix, it was decided to incorporate
the MW fibres of shorter lengths.

Although absorption and desorption values in water provided insight into the relative hygroscopic
properties of different pre-treated MW fibres, the key question remained about their behaviour in
the cement matrix. The complexity of the cement pore solution, with its high alkalinity and
changing ion composition, necessitated understanding the hygroscopic behaviour of MW fibres in
a cementitious matrix. Due to the potential for MW fibres to agglomerate when mixed with dry
cement powder, they were introduced in a pre-soak condition. Future studies could explore using
dry fibres in mix designs after understanding their dispersion and hygroscopic behaviour in
cementitious mixes. Comprehensive rheological measurements showed that the entrained w/b was
reduced by 0.01 to 0.02, depending on the type and dosage of the pre-soaked fibres, closely
matching the estimated absorption calculated in the initial step. The desorption kinetics of MW
fibres within the cementitious mixes were also examined using *H-NMR relaxometry and DSC
analyses. Relaxation time observations confirmed that the HT-MW fibres significantly improved
water absorption and retention compared to other types of MW fibres. In contrast, HY-MW fibres
with holes in their walls quickly deplete their entrained water due to the higher mobility of their
stored water. The significant difference in desorption kinetics between the HT-MW and the HY -
MW fibres was not solely due to morphological changes though. Comprehensive microstructural
analyses revealed that the absence of lignin in the HY-MW fibres led to the migration of hydration
products into the fibre cavity, diminishing its water retention behaviour in the cement matrix. On
the other hand, the presence of lignin acted as a physical and chemical barrier, protecting the

internal curing water stored within the cavity of the HT-MW fibres. The migration of hydration
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products into the lumen of HY-MW fibres also had adverse effects on drying shrinkage and
flexural strength. This mineralization formed a network for moisture transport to the surface,
connecting to capillary pores, microcracks, and macrocracks, worsening drying shrinkage
behaviour and negatively impacting the flexural strength of the HY-MW fibres incorporated
samples.

The calorimetry results showed that introducing 0.1% wt. HY- and HT-MW fibres into
cementitious mixes promoted a degree of hydration up to 17%. However, an excessive dosage of
MW fibres (0.2% wt.) had an adverse impact on hydration. This was due to higher leaching of
extractives from the fibres and/or lower availability of free water for the initial cement hydration.
The retentive behaviour of the HT-MW fibres was also observed in the calorimetry results. The
HT-MW fibres gradually improved hydration by slowly releasing the internal curing water, while
the HY-MW fibres caused a prompt hydration reaction without retardation. Despite unregulated
early hydration kinetics, the HT-MW fibres exhibited superior internal curing performance at later
ages. This distinction was also seen in the compressive strength of mortar specimens. The HY
samples had almost identical compressive strengths to their reference samples at 7 days. In
contrast, the HT samples' compressive strength converged to their reference counterpart later, at
28 days. In the final step, it was observed that the pre-treated MW fibres (HT-MW and HY-MW)
showed substantial reductions in autogenous shrinkage strains up to 28% at 7-day. This
demonstrated the effectiveness of internal curing water released by pre-treated MW fibres.

The comprehensive analysis and findings of this study supported the feasibility of using MW fibres
as sustainable internal curing agents to effectively reduce autogenous shrinkage, particularly after
applying a straightforward, cost-effective, and low-carbon footprint hydrothermal pre-treatment

method. Incorporating MW fibres into the production of internally cured cementitious mixes offers
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several practical advantages. Firstly, they provide a sustainable and cost-effective alternative to
SAP, helping reduce the construction industry’s carbon footprint. By transforming non-usable
waste—often burned or dumped—into valuable products, this process not only reduces waste but
also provides farmers with additional income. The promising hygroscopic properties of MW fibres
suggest potential applications as superabsorbents in other industries, such as personal hygiene
(e.g., diapers), biomedical products (e.g., bandages, surgical sponges), meat packaging, waste
treatment, and water conservation in agriculture. Furthermore, developing MW fibre-based
products could help preserve monarch butterflies, declared endangered in Canada in 2023, by

encouraging the growth of milkweed plants and ensuring sufficient habitat for these butterflies.
8.2 Recommendation for future work

e To Examine the hygroscopic properties of MW fibres in the cement pore solution, with a
particular focus on different chemical compositions, variations in pH, as well as ionic
concentration.

e To study the internal curing efficacy of MW fibres in low w/b mixes, involving the
incorporation of pozzolanic materials and supplementary cementitious materials.

e Toexamine the potential for enhancing the dispersion of long MW fibres and the feasibility
of using them as retentive internal curing agents in mitigating autogenous shrinkage of low
w/b mixes.

e To study the internal curing efficacy of MW fibres in combination with external curing
practices such as water ponding.

e To investigate the efficiency and behaviour of MW fibres as internal curing agents in

mitigating autogenous shrinkage in blended cement mixtures and alkali-activated mixtures,
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given their significantly higher chemical shrinkage compared to mixtures based on

ordinary PC.

e To examine the migration distance of water released by MW fibres to cementitious matrix
by 3D microstructural models, neutron and X-ray tomography.

e To assess the temporal distribution of the internal curing water stored within MW fibres

inside cementitious matrix using magnetic resonance imaging (MRI).
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Appendix

The table below shows the IR peak regions of different components of lignocellulosic fibres.

Table AP.1. Characteristic IR peaks of lignocellulosic fibres adopted from [25,329,330]

Peak zone | Approx. Assignment Possible Components Predominant
(cm ) peak in bond
MW fibre
(cm H*
3400-3200 | 3338 O-H stretching | Hydroxyl group of cellulose, Cellulose
hemicellulose and waxes [227]
Phenolic and aliphatic hydroxyl groups
of lignin
Ref. [331-333]
2920-2800 | 2916 and | C-H stretching | Aliphatic and alkyl compounds of
2850 ’ cellﬂlose / P Wax [25]
Methyl  groups of  hemicellulose
Methoxyl groups of lignin and methylene
groups of waxes
Ref. [331-333]
1800-1720 | 1735 C=0 Carbonyl ester and carboxyl of carboxylic | Hemicellulose
stretching acid of hemicellulose Carbonyl aldehyde | [227]
or ketone, and carboxyl of carboxylic acid
of lignin
Carboxyl ester of pectin and carbonyl
ester of waxes
Ref. [334-336]
1650-1630 | - OH (Water) Water [25] -
1600-1500 | 1595 and |C=0 Lignin Lignin [25]
1505 aromatic
1500-1300 | 1420, 1362 | CH, Lignin Lignin [25]
and 1313 | C-H bending Cellulose, hemicellulose and lignin -
1280-1150 | 1238 and | C-O-C Hemicellulose, cellulose, and lignin, | Lignin [25]
1155 stretching pectin, waxes [227,243,330,331,337]
C-C stretching | Aromatic ring of lignin [338]
1100-900 1035 C-O stretching | Alcohol groups of cellulose [227], Cellulose
and Aliphatic alcohols and ethers of lignin | [227]
deformation [336], and Pectin [339]
900-800 895 C-0-C Amorphous cellulose [25] Amorphous
cellulose [25]
- C-H out-of- | Aromatic hydrogen of lignin [227,338] Lignin [337]

plane bending

* Found in this study
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Table AP.2. and Table AP.3. show the statistical analyses of results found in water absorption

capacity and water release rate tests, respectively.

Table AP.2. Statistical contrasts between each pair of groups in water absorption capacity (AC)
measurements for different immersion durations

MW_fibres Group 1 Group 2 P-value

Size 5 minutes 30 minutes 60 minutes
Hydrothermal Non-treated | 0.000001 (S) | 0.004225 (S) | 0.043388 (S)

L60 Hybrid Non-treated | 0.000021 (S) | 0.000164 (S) | 0.006116 (S)
Hydrothermal Hybrid 0.046009 (S) | 0.007406 (S) [ 0.002122 (S)
Hydrothermal Non-treated | 0.067420 (NS) | 0.082618 (NS) [ 0.000033 (S)

S60 Hybrid Non-treated | 0.023748 (S) [ 0.137134 (NS) | 0.187433 (NS)
Hydrothermal Hybrid 0.104789 (NS) | 0.322094 (NS) [ 0.140293 (NS)

S: Significant, NS: Not-significant

Table AP.3. Statistical contrasts between each pair of groups in water release rate (WRR)
measurements for different immersion durations

MW fibres Group 1 Group 2 P-value
Size P P 5 minutes 30 minutes 60 minutes
Hydrothermal Non-treated | 0.002184 (S) | 0.008475 (S) | 0.018302 (S)
L60 Hybrid Non-treated | 0.184782 (NS) | 0.272413 (NS) | 0.425001 (NS)
Hydrothermal Hybrid 0.026686 (S) |0.032164 (S) |0.026561 (S)
Hydrothermal Non-treated | 0.084300 (NS) | 0.136703 (NS) [ 0.052336 (NS)
S60 Hybrid Non-treated | 0.387131 (NS) | 0.484063 (NS) | 0.192927 (NS)
Hydrothermal Hybrid 0.131971 (NS) | 0.113875 (NS) [ 0.246719 (NS)
S: Significant, NS: Not-significant
100 L6o = | 100 S60 | B
75" & t»/ # :
80 | 80 _,v‘i.f’}’/'x/ . A
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Figure AP.1. Effect of pre-treatments on the water release rate of milkweed fibre after various
durations of stirring, for size gradation of L60 (left) and S60 (right)
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