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Abstract

Fiber reinforced cement is widely used in non-structural building applications due to its
improved toughness, strength, and durability. However, continued reliance on ordinary Portland
cement and synthetic chemical additives raises concerns regarding environmental impact and long-
term sustainability. This thesis addresses these challenges through two strategies: first, replacing
petrochemical or silica-based additives with nano- to micro-scale cellulosic biomaterials, and sec-
ond, reducing ordinary Portland cement use by partially substituting it with processed waste bio-

mass and by developing a cement-free hybrid geopolymer binder.

In the first approach, nano- and micro-scale cellulosic additives were investigated in fiber
cement reinforced with softwood kraft pulp. Among the nanocellulosic materials, cellulose nano-
crystals at optimal concentrations (2—4 wt.%) produced notable improvements in workability, early
hydration, and flexural strength compared to systems containing conventional chemical additives.
These improvements were attributed to the high surface area and network-forming morphology of
cellulose nanocrystals, which enhanced water transport, supported early hydration reactions, and
promoted matrix densification. Micro-scale cellulosic additives also provided distinct benefits: al-
pha cellulose improved post-cracking toughness and workability by reducing yield stress, while
microcrystalline cellulose enhanced peak flexural strength. Despite differences in absolute
strength, the strength-to-weight ratios of systems modified with alpha cellulose and microcrystal-
line cellulose were comparable, suggesting that low-cost alpha cellulose can deliver similar per-

formance benefits.
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In the second approach, biochar derived from woody biomass was used to partially replace
Portland cement. At an optimal dosage of 8 wt.%, biochar improved rheology, time-dependent
thixotropy, and mechanical strength while reducing global warming potential by 18 % relative to
a pure cementitious system. These effects were linked to its porous morphology and reactive sur-
face, which enhanced water retention and hydration. Furthermore, a cement-free geopolymer
binder composed of metakaolin and biochar was developed through mechanochemical processing
and reinforced with pulp fibers, achieving flexural strengths of 13—15 MPa with substantially
lower embodied carbon, demonstrating a viable route toward sustainable, high-performance fiber

cement.
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Lay Summary

Fiber cement is a widely used building material known for its strength and durability. However,
its production depends on cement and additives derived from fossil fuels or mined materials, which
are harmful for the environment. This thesis explores natural, biobased alternatives to make fiber
cement more environmentally friendly. Different forms of cellulose, extracted from wood/plant
sources and refined into micro- to nano-sized additives, were tested for their potential to improve
the mixing, setting, and hardening behaviour of fiber cement. Additionally, biochar, a carbon-rich
material produced by heating waste biomass in a low-oxygen environment, was used to partially
replace cement and reduce carbon emissions. Finally, a fully cement-free system was also devel-
oped using a blend of biochar and metakaolin, a clay-based material, as a hybrid binder. These
materials proved to be strong and easy to fabricate with lower environmental impact. Overall, this
work supports the development of greener construction materials, using renewable low-impact

resources.



Preface

This thesis is structured around four primary studies, each of which has been prepared in
the form of a manuscript that has either been published, submitted, or is currently under preparation
for submission to peer reviewed journals. The details of each manuscript, along with author-spe-

cific contributions are summarised below:

Chapter 3: The author of this thesis was the primary author of this work, involved with con-
ceptualization, developing experimental protocols, conducting and validating experiment, data
analysis and drafting the original manuscript. A version of this work was published as “Raghunath
S, Hoque M, Foster EJ (2023). On the Roles of Cellulose Nanocrystals in Fiber Cement: Implica-
tions for Rheology, Hydration Kinetics, and Mechanical Properties. ACS Sustainable Chemistry

and Engineering 11(29),10727 10736. https://doi.org/10.1021/acssuschemeng.3c01392

Dr. Mahfuzul Hoque contributed to designing experimental protocols and editing. Dr. E. Jo-
han Foster jointly contributed to editing the manuscript, acquired funding, and supervised the

work.

Chapter 4: The author of this thesis was the primary author of this work, involved with con-
ceptualization, developing experimental protocols, conducting and validating experiment, data
analysis and drafting the original manuscript. A version of this work was published as “Raghunath,
S., Hoque, M., Zakani, B., Gondaliya, A. M., & Foster, E. J. (2024). Sustainable micro-cellulosic

additives for high-density fiber cement: emphasis on rheo-mechanical properties and cost—perfor-

mance analysis. RSC Sustainability. https://doi.org/10.1039/D4SU00287C ™.
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Dr. Mahfuzul Hoque contributed to conceptualization and editing the manuscript. Dr. Behzad
Zakani contributed to rheological analysis. Akash Madhav Gondaliya contributed to experiments
and editing the manuscript. Dr. E. Johan Foster jointly contributed to editing the manuscript, ac-

quired funding, and supervised the work.

Chapter S: The author of this thesis was the primary author of this work, involved with con-
ceptualization, developing experimental protocols, conducting and validating experiment, data
analysis and drafting the original manuscript. A version of this work was published as “Raghunath,
S., Hoque, M., Gondaliya, A. M., Jalaee, A., Zakani, B., Santos, F. B. dos, Tu, Q., & Foster, E. J.
(2025). Engineering low-carbon fiber cement with biochar: understanding its physicochemical
properties and their impact on the composite performance and carbon footprint. Green Chemistry.

https://doi.org/10.1039/D5GC01405K”.

Dr. Mahfuzul Hoque contributed to designing experimental protocols and editing the manu-
script. Akash Madhav Gondaliya and Dr. Qingshi Tu contributed to Life Cycle Analysis. Dr. Adel
Jalaee and Dr. Fernanda Brito dos Santos contributed to experiments. Dr. Behzad Zakani contrib-
uted to rheological analysis and manuscript editing. Dr. E. Johan Foster contributed to conceptu-

alization, manuscript editing, acquired funding, and supervised the work.

Chapter 6: The author of this thesis was the primary author of this work, involved with con-
ceptualization, developing experimental protocols, conducting and validating experiment, data

analysis and drafting the original manuscript.
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This is an original unpublished work currently being drafted into a manuscript. Dr. Mahfuzul
Hoque contributed to conceptualization. Dr. Adel Jalaece and Farah Sadek contributed to experi-
ments. Akash Madhav Gondaliya and Dr. Qingshi Tu contributed to Life Cycle Analysis. Dr. E.

Johan Foster acquired funding and supervised the work.

The use of Generative Al in this thesis was limited to employing ChatGPT for checking
sentences and paragraphs for grammatical correctness and clarity. All ‘Al’ generated outputs
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The use of these tools aligns with UBC'’s guidelines on ethical and transparent use of Generative
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Chapter 1: Introduction

1.1 Cement industry: global significance, scale of production and environmental impact

Cement is one of the most important materials in the world, often regarded as the backbone
of modern construction and infrastructure. It serves as the binding agent in mortar and concrete,
which is the most widely produced man-made material in the world and the second most consumed
substance on Earth after water. Cement is essential for constructing durable structures such as
buildings, bridges, harbors, runways and roads, which are critical to supporting growing commu-
nities and expanding cities. As the global population increases and urbanization accelerates, the
demand for cement is expected to grow, making it a key contributor to economic development
worldwide [1].

(a) (b)
Global cement production €0, emissions by fuel or industry type, World

4 billion t

Cement production doubled
from 2003 to 2013
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1926 1960 1980 2000 2023

Figure 1.1 a) Global cement production (1926-2023). Source: U.S. Geological Survey, 2024 [2,3]. (b) Annual

CO: emissions by fuel type. Source: Global Carbon Budget (2024) [4].

Cements are primarily characterized into two types: hydraulic and non-hydraulic cements.

Hydraulic cements (OPC) are those in which anhydrous cement components react with water to
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form strength-imparting hydrates, whereas the setting of non-hydraulic cements depends on car-
bonation reactions with CO; in the dry state (e.g., slaked lime or lime putty). Among these hydrau-
lic cements are predominantly used for mortar / concrete applications. The global scale of hydrau-
lic cement production is vast, reaching a production scale of 4.2 billion metric tons annually (see

Figure 1.1(a)) [5].

b
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material
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(Quarrying)

Additive
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Figure 1.2 Flow sheet of cement manufacturing process.

Cement production involves calcination of limestone in rotary kilns at very high tempera-
tures (1450°C), making its production energy intensive [6]. While cement plays a vital role in
meeting the growing demands of the construction industry and contributes significantly to global
economic development, its production is also a major source of GHG emissions, accounting for
an estimated 7 — 8 % of global CO» emissions (see Figure 1.1(b)) [7,8]. These emissions primarily
arise from the calcination of limestone (50 — 60%) and from the energy (usually burning of fossil

fuels) that needs to be provided to facilitate this reaction in the rotating kiln (see Figure 1.2 for



steps involved in cement production) [8]. In addition to this, cement production requires extensive
quarrying / mining to extract limestone and clay, posing severe threat to the environment [9]. Fur-
thermore, the particulate matter ejected into the atmosphere in addition to the GHG emissions

possesses severe health hazards as well as air pollution [9].

Thus, given the scale and carbon footprint associated with the cement industry, it’s imper-
ative that we look for sustainable options that could offset or reduce the GHG emissions and curb
the global warming potential (GWP) associated with building materials [10]. Advancements in
low-carbon cement formulations and the use of green/sustainable materials as additives/reinforce-

ment are crucial in paving the way towards sustainable construction practices [10].

1.2 Setting the stage: fiber cement

Fiber cement (FC) is a class of construction material that incorporates fiber into the cement
matrix (inherently brittle in nature) to enhance the composite’s mechanical properties, durability
and to facilitate improved crack resistance. FC has been predominantly employed for non-struc-
tural applications — potential use case involves materials for — siding/cladding, roofing sheets and
partition walls applications. Over the years a variety of fibers have been explored to reinforce
cement. Among them fibers extracted from earth-based materials (fibrous silicate minerals, i.e.,
asbestos) have dominated the 20" century. Asbestos, due to its low cost, abundant availability
coupled with high strength, good workability and durability was long considered to be the core of
FC[11]. Asbestos reinforced FC composites were fabricated using a novel technique called
“Hatschek process” (named after the inventor Ludwig Hatschek in 1894). This method, inspired

by paper manufacturing, deposits a slurry of cement, water and fibers onto rotating sieves, to form



thin laminae that are pressed, cured, and cut to size. [11,12]. This process was easily commercial-
isable and over the next few decades, dominated the FC industry. However, from the late 20"
century, the production and use of asbestos fibers were restricted and eventually banned (in most
countries) due to their severe health hazards (known to be carcinogenic in nature and cause severe

respiratory illness), posing risk to factory workers with long term exposure [13].

1.2.1 Setting the stage: wood fiber as a green alternative to asbestos / petrochemical de-

rived fibers in FC

The development of wood/cellulose FC composites begins in Australia in the 1940s, when
James Hardie & Co. pty Ltd (now referred to as James Hardie industry Ltd) initiated efforts to
replace asbestos with cellulose fibers in cement [14]. The primary reason for this drive was facil-
itated due to the shortage of asbestos fiber in Australia during post World War Il [15] and the wide
availability of high quality plantation grown softwood and hardwood species and well-established
pulp and paper industry in the region [14]. Initial work focused on evaluating the mechanical per-
formance of utilizing fibers such as bagasse, groundwood, wheat straw, brown paper and cement
bags as reinforcement in cement matrix [14]. Among these brown paper (produced as a result of
kraft process) as reinforcement, imparted the greatest strength to autoclaved FC composite. These
initial findings were instrumental in advancing the use of chemical pulp / dissolving pulp for use
as reinforcement in FC composites [14]. However, the research interest in utilizing cellulosic fibers
declined and later discontinued, when asbestos supply was reinstated. Later, concerns (in terms of

health of workers and environment) regarding the handling and extraction of Asbestos fiber for



FC applications led researchers to adopt natural fibers (predominantly cellulose fibers) as rein-
forcement [14]. Cellulose due to its wide availability, renewable nature and compatibility with

cement matrix emerged as a promising replacement [16].

1.3 Wood anatomy and chemical structure
Understanding wood anatomy is critical to FC applications as it governs fiber morphology,
porosity and moisture retention which are key factors influencing the rheology, hydration kinetics

and mechanical reinforcement of the resulting FC composite.



1.3.1 Hierarchical structure of wood
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Figure 1.3 Hierarchical structure of wood under different magnification scales. Source: “Wood Handbook-

Wood as an Engineering Material,” U.S. Forest Service [17].

Wood is a naturally occurring, three-dimensional biopolymer composite that functions as
a xylem tissue. It provides mechanical support to trees and woody plants, facilitates the transport

of water and nutrients, and serves as a reservoir for various biochemicals [18]. Wood exists as a



hierarchical structure, organized in distinct layers at both the macro and microscale, ranging from
cellular and tissue level organization to molecular arrangement of its primary constituent biopoly-
mers (see Figure 1.3) [17,18]. At the macroscopic level, the outermost layers make up the bark
and cambium, responsible for protection against biological attack/mechanical damage and growth-
related functions, respectively [17]. The underlying layers is differentiated into sapwood and heart-
wood, which support nutrient and water transport and provide mechanical strength, respectively.
[17]. The growth rings (which indicate early /late wood growth characteristics) reflect the seasonal
variability in cell development and contribute to the mechanical anisotropy of wood. Additionally,

wood rays enable radial transport within the structure [18].

Figure 1.4 Cut-away schematic of a plant cell wall showing the middle lamella (ML), primary cell wall (P) with

randomly oriented cellulose microfibrils, and the three layers of the secondary wall (S1, S2, S3) with their



respective microfibril angles. The lower portion illustrates bordered pits in sectional and face views. Source:

Wood Handbook-Wood as an Engineering Material, U.S. Forest Service [17].

At the cellular level, wood is composed of elongated, tube-like cells termed as tracheids /
vessels, responsible for effective water conduction, while fibers provide mechanical strength. Each
cell is enclosed by multilayered cell wall, which dictates the mechanical performance of wood
[17,18]. The multilayered cell is composed of three main layers: primary cell wall, secondary cell
wall and the middle lamella (Figure 1.4) [17]. The secondary cell wall is further differentiated into
three layers S1, S2 and S3 respectively (Figure 1.4). The S1 and S3 layers contribute to dimen-
sional stability and resist deformation. On the other hand, S2 layer (which contains cellulose mi-
crofibrils aligned parallel to the axis of cell wall) imparts high tensile strength and stiffness and
provides majority of the fiber’s mechanical strength [17,18]. The middle lamella, which is rich in
lignin, acts as a glue and binds the adjacent cell walls together, providing rigidity to the wood
structure. This region also contains pectin, a gel-like matrix structure that facilitates cell wall ad-
hesion and maintains water retention. At this juncture, it is important to note that hemicellulose (a
branched polysaccharide) is interspersed throughout the cell wall (majorly concentrated in primary
and secondary cell wall, with little or no presence in the middle lamella) and plays a crucial role

in crosslinking cellulose microfibrils and stabilizing the cell wall structure [17,18].



1.3.2 Wood composition and classification
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Figure 1.5 Schematic of the plant secondary cell wall showing its lignocellulosic constituents: cellulose microfi-

brils, hemicellulose and lignin network.

Compositionally, wood is made up of approximately 40 — 45% of cellulose and 15 — 25%
of hemicellulose (Figure 1.5). Together, cellulose and hemicellulose, collectively termed as hol-
ocellulose, constitutes around 65-70% of the wood dry mass. In addition, wood contains 18 —35%
lignin, while the remaining fraction consists of pentosans, extractives, and inorganic components
(Figure 1.5) [19]. In terms of elemental composition, dry wood is composed of about 50% carbon,
6% hydrogen, 44% oxygen and trace amount of inorganics [19]. This intricate architecture of cel-
lulose, hemicellulose, lignin and other derivates at cellular level, dictates the physical properties
of wood fibers, influencing their ability to reinforce materials (Figure 1.5). However, the compo-
sition of wood varies significantly depending on the type of wood, which is broadly classified into
two main categories: softwood and hardwood (see Figure 1.6). Hardwood refers to wood derived
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from flowering or fruit bearing plants known as angiosperms (e.g., deciduous trees such as maple
and birch), whereas softwood comes from gymnosperms (for e.g., trees with needles like leaves

such as pine and spruce [17,18]).
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Figure 1.6 Generic representation of hardwood (left) and softwood (right) trees (a), and their corresponding
cellular structures: hardwood (b) and softwood (c). The tangential, longitudinal, and radial directions indicate
the three principal orientations in wood. Growth increments, or growth rings, consist of groups of cells formed
over distinct time intervals. Earlywood cells develop during the initial phase of growth, whereas latewood cells

form later in the season and are generally denser than earlywood [20].

At cellular level, softwood contains tracheids, serving dual role by facilitating both wa-
ter/nutrient transport and mechanical reinforcement and lack vessels (Figure 1.6(a,c)), whereas
hardwood contains vessels (for nutrient transport) and fibers for mechanical support (Figure
1.6(a,b))[17,18]. Due to this reason, softwood tracheids are generally longer and slender than hard-
wood fibers (which are short) — main reason why softwoods are preferred over hardwoods as re-
inforcing materials for various applications in composites. In terms of composition, softwoods

10



generally contain high cellulose (40 — 49%), high lignin (26 —34%) and lower pentosan (7 — 14%)
content, compared to hardwood — cellulose (38 — 45%), lignin (23 — 30%) and pentosans (19 —
26%) [19]. Additionally, softwoods are known to contain higher proportions of extractives com-

pared to hardwood species [21].

1.4 Initial advancements in wood pulp reinforced FC

Researchers R.S.P Cottus and Cambel (in association with Commonwealth Scientific and
Industrial Research Organization (CSIRO) Australia) were instrumental in this shift, exploring the
potential of wood derived cellulose pulp as a reinforcement for cement mortar/concrete applica-
tions. In their 1979 study, Cottus et al. explored how pulping techniques affects the dispersion and
mechanical performance of FC composite [22]. Their analysis revealed that for 12wt.% fiber dos-
age, Asplund fibers (mechanical pulping) did not require slushing before integration with the pulp
slurry, whereas kraft fibers (with closed lumina) required slushing (slushed fibers could be more
easily incorporated into the Hatschek process, thereby making commercialization viable) which
later opened the domain of utilizing refined fibers (wet refining) for FC applications [22]. In addi-
tion to this, their subsequent studies expanded on these findings and explored the effect of coupling
agents and the effect of curing conditions (air curing vs autoclave curing) on composite perfor-
mance [23]. For example, their studies pertaining to curing conditions revealed that different en-
vironments (air vs autoclave) can significantly alter the curing kinetics and influence the formation
of hydration products, which in turn affect the mechanical properties of the hardened FC composite
(it was observed that that autoclaved FC resulted in exhibiting improved flexural strength com-
pared to air-cured FC samples [23]). The exact mechanism behind this improvement was not

identified at the time, but later studies indicate that autoclave curing promotes the formation of
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tobermorite — a crystalline calcium silicate hydrate (C-S-H) , typically formed at higher tempera-
tures and pressure, and is more stable and provides better mechanical integrity to the hardened FC
composites when compared to semi-crystalline or amorphous C-S-H phases formed during ambi-
ent air curing conditions [24]. With regards to the use of coupling agents, initial researchers fo-
cused specifically on using a range of commercially available titanium alkoxides containing at
least two reactive alkoxide groups, which were commonly used for composite development at that
time but not typically for FC applications. This was found to improve the interfacial bond between
fibers and the cement matrix, contributing to enhanced stress-transfer and improved durability
[25]. However, the use of coupling agents for FC applications did not gain prominence due to their
increased cost, environmental concerns and meticulous processing conditions, suppressing their
commercial viability. Insights from these initial research works not only advanced the fundamental
understanding of the wood-pulp reinforced cement system but also led to optimizing FC fabrica-
tion process. In addition to this, their work laid a foundation for further innovations in the domain
of fiber modification and fiber refining techniques [26]. In particular, wet refining / beating of pulp
fibers as a preprocessing step in FC manufacturing gained traction as a method of producing highly
fibrillated fiber networks, which in turn help improve the interfacial bond strength between the

cement matrix and the pulp fibers, enhancing the mechanical properties of FC [27,28].

1.4.1 Synthetic fibers as a reinforcement material for FC applications

During similar timelines (late 1970s — early 1980s), researchers also explored the potential
of using petrochemical derived fibers such as polypropylene (PP), Polyvinyl alcohol (PVA), Pol-

yethylene (PE) and silica based glass fibers as reinforcements for FC composites (inspired from
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their predominant use in textile and fiber reinforced composites (FRC) [29,30]). These fibers ben-
efited from low cost (and relatively less expensive than cellulose pulp), improved chemical re-
sistance, low density and ease of processing. However, despite these benefits, these fibers failed
to succeed in the market, predominantly due to their inherent hydrophobicity [31], which limited
their ability to facilitate efficient interfacial bonding within the cement matrix, crucial for load
transfer, mechanical integrity and durability of FC composites. Moreover, the ban on use and pro-
duction of asbestos further fueled researchers to navigate towards non-toxic, biodegradable and
renewable fibers, as a result of which, pulp fibers (kraft and mechanical) became a dominant choice

for non-asbestos FC composites, during the transitional phase [14].

1.4.2 Effect of pulp fibers on the mechanical performance and durability of FC

Over the years a variety of studies focused on evaluating the rheo-mechanical characteris-
tics of utilizing chemical/dissolving pulp fiber as a reinforcement in FC composites. Fibers derived
using kraft process from softwood (e.g., pine), hardwood (e.g., eucalyptus) and plant sources (e.g.,
sisal) and their implications on the resulting FC composites performance were investigated. Fiber
dosages ranging from as low as 0.039 to high as 33 wt.% (recycled waste kraft pulp) were reported
in literatures spanning applications ranging from non-structural (FC) to structural applications
(concrete), with average fiber dosages ranging from 1-12 wt.%. The incorporation of kraft fibers
consistently reported to have enhanced the flexural strength and fracture toughness of the FC com-
posite, which was attributed to the ability of kraft fibers to bridge cracks thereby facilitating en-

hanced load transfer and delaying crack propagation.
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In addition to these crucial mechanical properties, another important parameter that caught
the researchers’ attention was the dimensional stability of kraft pulp fibers which dictates the du-
rability and shelf life of these FC composites. Research works from Mohr et al. were instrumental
in this investigation, especially in understanding the durability of kraft pulp fibers in mimicking
wet/dry cycles [25,32]. Their studies revealed that, after subjecting the FC to 25 wet dry cycles,
significant reduction in first crack strength, peak strength, post crack toughness was observed, and
they also indicated that majority of these loses occurred within the first five cycle itself [25]. They
proposed a three-part degradation mechanism to address these losses (a) due to fiber-matrix
debonding, (b) reprecipitation of hydration products upon cycling, and (c) due to fiber cell wall
mineralization. Another important take away from this study was that unbleached fibers were less
prone to degradation compared to bleached fibers upon repeated cycling. The alkaline environment
present in the cement matrix could prove detrimental for the cellulosic fibers, gradually weakening
their reinforcing ability, which in turn affects the mechanical property of the FC composite [25].
Unbleached fibers, contain quite a bit of lignin and other extractives in them and the alkalinity of
the cement matrix, tend to attack the lignin first, followed by hemicellulose and then cellulose. On
the other hand, bleached pulp, made up predominantly of cellulose, is more prone to degradation
in the alkaline environment of the cement matrix — as the alkalinity attacks cellulose first (Though
this effect was not well known at that time, recent research works have confirmed this degradation

mechanism [33]).

In addition to wet/dry cycling, another critical environmental factor that affect the durabil-
ity of the FC composites is its ability to withstand repeated freeze/thaw cycles [34]. This is partic-

ularly important in cold countries, wherein frequent freeze-thaw cycles may lead to freezing water
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within the pore structure of the cement matrix, leading to the development of internal tensile
stresses, which aids in the propagation of existing micro cracks and formation of new cracks [35].
It is believed that the presence of macroscopic pulp fibers in the matrix could bridge these cracking
to an extent, however the exact effect of these repeated cycles on the degradation/shelf-life of this

cellulosic pulp is still unknown [36].

However, the speculation is that the ice crystal formation, due to entrapped moisture pre-
sent within/in the vicinity of fibers, could potentially degrade the fibers and restrain its ability to
resist crack propagation [36]. Results from repeated cycling tests suggest that the mechanical prop-
erties (especially compressive strength) decreased by 50 %, when the FC is subjected to 252 freeze
thaw cycles, whereas research conducted for fewer cycles (25), reported no change in mechanical
properties [37]. Further research in this domain targeting concrete applications revealed that, in-

corporation of pulp fibers significantly improved freeze thaw resistance [34].

1.4.3 Effect of cellulose fibers on the rheology of cement paste

While mechanical integrity and environmental durability are critical for long term perfor-
mance and use of FC composites, other key properties that dictate the early age workability and
strength development of FC composites should not be overlooked. Rheology (Greek riéo, ‘flow’
and /ogia, ‘study of”) is the investigation of the deformation and flow of matter under shear stress,
crucial to the manufacturing process (i.e., Hatschek process) of FC since the ability to place (or
transfer) the slurry in a facile manner could aid in reducing the processing cost and improved

performance.
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Cement pastes exhibit complex, time dependent rheological behaviour that evolves signif-
icantly during the early stages of hydration. This behaviour can be categorised s thixotropic or
rheopectic depending on the degree of structural evolution in the paste [38]. In freshly prepared
pastes, prior to the onset of substantial hydration reactions (i.e., during the dormant period), thix-
otropy typically dominates. Thixotropy refers to a reversible decrease in viscosity under applied
shear, where the internal flocculated structure of the cement paste breaks down, allowing it to flow,
and gradually rebuilds when the shear is removed, restoring a more rigid or consolidated state [39].
As hydration progresses and chemical interactions begin to dominate, the paste may transition
from thixotropy to rheopectic behaviour, where viscosity increases under sustained shear due to

irreversible structural evolution [40].

Another important parameter governing the flow of cement slurry is yield stress, a defining
characteristic of non-Newtonian fluids like cement paste [41]. Yield stress represents the minimum
stress required to initiate and sustain flow, and in cementitious systems, it is typically described
using two distinct forms: static and dynamic yield stress [41]. The static yield stress refers to the
stress needed to initiate flow in a resting paste, reflecting the strength of the interparticle network
that develop over time due to flocculation and physical interactions. Once shear is applied and the
structure breaks down, dynamic yield stress defines the minimum stress that must be applied to

maintain that flow [41].

Additionally, the flow characteristics of the cement paste can affect various cement chem-
istries, e. g., hydration kinetics [42—44], setting time [44], drying shrinkage [45—48], curing [49—

51] to name a few, other hardened state (macroscopic) properties such as flexural & compressive
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strength [32,52—-57] and durability of these materials [32,58]. Thus, understanding of the FC rhe-
ology is of paramount importance since addition of pulp fibers can alter the paradigm of its rheo-
logical behaviour, vis a vis, introduction of shear-thinning (viscosity reduces with shear strain)
behaviour and yield stress [59]. The origin of such a change lies at the microscopic level, i.e.,
alignment/ordering of FC constituents which in turn forms a pattern or strings in a direction which
is along/parallel [60,61] to the loading direction or in some cases owing to the formation of particle
layers (formation of particle chains) [62]. Now, in terms of application (transferring slurry, pump-
ing cement mortars, and 3D printing), shear thinning property is desirable since the viscosity

(low/high) depends on the rate (high/low) of the applied shear.

In terms of rheological characterization, the number of studies focusing on the rheology of
FC containing pulpfibers in literature is relatively low compared to broader research, focused on
the rheological implications of cement mortars / cement system incorporating synthetic fibers. The
influence of bleached pulp on the rheological properties of cement pastes was discussed by Nilson
et al. [63]. They employed recycled paper and superplasticizers, observed the improvement of
plastic viscosity of the cement paste (0.3 Pas for non-plasticized mortars to 1.5 Pas for plasticized
mortars) with the increase in superplasticizer dosage (from 0.94 to 13.38 wt.% of cement) & MFC

dosage from (1 - 3 Kg / m?) [63].

Karimi et al. explored the flexibility of using milled paper pulp as a possible viscosity
modifying admixtures (VMASs) in cementitious materials [64]. They employed two sets of cellu-
lose microfibers depending upon their refining intensity, namely high energy milled paper pulp
(HPP) containing fine / ultrafine aggregates with (length < 100um to width < 50pm) and low en-

ergy milled paper pulp (LPP), mostly containing coarse aggregates (length > 200um) which was
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incorporated into the cement matrix in varied proportions (0.04 wt.% to 0.12 wt.%). Their analysis
revealed that addition of HPP improved the plastic viscosity and dynamic yield stress of the slurry
than the LPP, indicating that refining of fibers does improve the rheology of cementitious materials

[64].

1.4.4 Effect of cellulose fibers on the hydration Kkinetics of FC

When cement clinker phases encounter water, a highly exothermic reaction takes place,
consisting of a series of complex reactions leading to the formation of strength imparting hydrate
— phenomenon collectively termed as cement hydration [65]. Cement hydration is perceived in 4
stages: first stage, known as the pre-induction period — typically occurs within first few minutes
after cement clinker phases encounters water [66]. This stage is marked by the rapid dissolution of
cement clinker phases, which result in the sudden release of cations and anions (such as Ca**, OH-
, SO4*, AI*") in the aqueous phase [67]. This triggers an exothermic reaction, which results in the
formation of a supersaturated cement pore solution and the subsequent nucleation of initial hydra-
tion products. The second stage is called the induction stage (also known as dormant period), which
lasts anywhere between 1 — 3 hours. This stage is characterized by a slow reaction rate, allowing
time for workability (mixing and pumping) or consolidation in a designated mold or structure. The
next stage in cement hydration is called the acceleration phase, where the predominant cement
clinker phases (i.e., C3S) react to form a semicrystalline C-S-H gel along with portlandite (Calcium
hydroxide) and calcite (calcium carbonate). At this stage, C3A reacts with gypsum (which is added
into the cement mix) to form ettringite which controls the setting time an prevent early age crack-
ing [67]. This stage is accompanied by a rapid increase in temperature (measured through ITC

analysis) and this results in the formation of a solid matrix framework, which drastically reduces
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fluidity. After this phase, the hydration slows down and enters a diffusion-controlled regime. Dur-
ing this period, the hydration products encompass unhydrated cement grains, there by limiting
their water accessibility. At this period, C>S hydration dominates, contributing to long term
strength development and durability. Additionally, the ettringite formed may convert into mono-
sulphates, if gypsum get depleted [68]. This stage is marked by pore refinement and matrix densi-

fication, which is an integral part of strength development.

1.5 Climate change, SDGs, and its impact on FC

Growing human population has led to a rapid rise in infrastructure development, placing
increasing demand on construction materials and natural resources. This surge directly contributes
to GHG emissions and environmental degradation, leading to climate change [69]. According to
UN, Climate change refers to “long-term shifts in the temperatures and weather patterns, primarily
caused by human activities, especially the burning of fossil fuels that release GHGs” [69]. As
mentioned in the previous sections of literature review, in the context of FC, cement production is
a major contributor to global CO2 emissions. Moreover, to tackle FC formulation challenges, often
petrochemical/silica-based additives/ cement admixtures are employed, which are conventionally
sourced as byproduct of petrochemical industries or extracted via quarrying, raising environmental

concerns.

To tackle this, UN has emphasized the importance of sustainable infrastructure through sev-
eral SDGs [70], particularly SDG 9 (Industry, innovation and infrastructure), SDG 11 (sustainable
cities and communities) and SDG 13 (climate action) — which iterates the need for development /

utilizing low-carbon construction materials for a sustainable future [70].
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1.5.1 Possible decarbonization pathway in FC: capitalizing the opportunity for developing

low-carbon footprint construction materials

To advance sustainability and to curb emissions related to the fabrication and use of FC,
two key strategies have emerged and researched about in literature : fiber/additive modification
and matrix modification. The first strategy involves transitioning from the use of conventionally
employed synthetic fibers and petrochemical/silica based additives to green and sustainable alter-
natives to facilitate various role that aid the FC processing whilst enhancing its performance. The
second strategy, on the other hand primarily focuses on reducing the GWP impact related to ce-
ment production, by partially replacing cement with low-carbon SCMs (such as FA, GBFS, MK,
SF or more recently processed was biomasses such as BC) or by complete transition into geopol-
ymer system (which is devoid of OPC and uses aluminosilicate binders in conjunction with alka-

line activators to initiate geopolymerization process).

Together these two complementary strategies offer a strategic and promising approach to
decarbonization pathways for the development of low carbon cementitious composites —boosting

material innovation whilst combating climate change and enhancing sustainability.

1.6 Roles of additives in FC

In FC composites, additives play a critical role in addressing challenges related to worka-
bility (rheological behaviour), curing kinetics/ strength development (hydration kinetics and me-
chanical properties) and long-term durability. Additives are employed at the processing / fabrica-

tion stage to tweak both wet state and dry / hardened state properties of the resulting FC composite.
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In case of FC containing pulp fibers, often it is difficult to incorporate high aspect ratio fibers
(improves flexural strength) without jeopardizing the mixed consistency of the cement paste. Now
this can be attributed to the hydrophilic nature of cellulosic fibers, that reduces the overall water /
cement ratio, effectively reducing the free water that is available in the FC slurry during mixing,
eventually leading to poor fiber dispersion. In addition to this, fibers due to their surface charges
and Van der Waals forces tend to flocculate in cement pore solution, leading to formation of
clumps or agglomerates. Moreover, the process of FC mixing can result in possible entanglement
(due to possible hinging/bending/stretching of fibers), which can again hamper the workability of
the FC slurry. To negate this, FC industries often employ additives, such as VMAs, which are
water soluble admixtures (semi-synthetic, synthetic, or natural elements) that alter the rheological
behaviour as well as influence other phenomena such as hydration and setting time, and impact
key physicochemical properties including porosity and mechanical performance in the hardened
state. [71-73]. As such, a broad range of polymeric VMAs, also known as superplasticizer, has
been developed in the past few decades, and in FC industry, it is the PCEs based superplasticizer
that has found success in finding the balance between rheology, micromechanics, and cement
chemistry. Indeed, PCEs is derived from petrochemicals, thus, to reduce the carbon dioxide foot-
print, the current research trend is shifting into biobased superplasticizers, i.e., functionalized lig-
nin (PCEs-class). To that end, interest in nanocellulose has also gathered momentum to tune the

rheological characteristic of cement paste, cement mortar, and FC slurry.
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1.7 Cellulosic biomaterial as an additive for cementitious system (mortar, concrete, FC)

1.7.1 Cellulose: structure and classification

Cellulose is the most abundant renewable material found in the biosphere. Cellulose is
widely present in plants, animals and to a lower extent in algae, fungi and amoeba. As mentioned
in the previous literature review section, cellulose is a fibrous, water insoluble material that pro-
vides structural support to plant cell walls. Cellulose was first discovered and isolated by French
chemist Anselme Payen in 1838 [74]. This marked the beginning of understanding cellulose as a
structural material in plants and laid the foundation for its use in various industries such as textiles,
paper and bioplastics. Irrespective of the source from which cellulose was isolated, cellulose can
be characterized by a high molecular weight, amphiphilic homopolymer comprising of repeating
units of B-1,4-linked anhydro-D-glucose, in which every unit is rotated 180° relative to its neigh-
boring unit (note that the basic structural repeating units of cellulose is cellobiose rather than glu-
cose) [75,76]. This linear arrangement allows for extensive intra/inter molecular hydrogen bond-
ing, contribute to cellulose’s high tensile strength and resistance to enzymatic degradation. Based
on the source, processing method and structure, cellulose can be classified into many forms/poly-
morphs. The most common naturally occurring form of cellulose is referred to as cellulose I. Cel-
lulose I can be further characterized based on its two allomorphs: cellulose Ia (produced by mi-
crobes, triclinic lattice arrangement) and cellulose I (present in higher plants, monoclinic lattice
structure) characterized by parallel cellulose strands [16]. Furthermore, cellulose I can exist in
different polymorphs — Cellulose II, produced upon chemical treatment or regeneration, cellulose

transforms into cellulose II, marked by its antiparallel chain configuration and greater thermody-
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namic stability [77]. Further chemical modifications can yield cellulose III (amine/ammonia treat-
ment) [78] and cellulose IV (heating cellulose III) [79]. However, these polymorphs are less com-

monly produced and used due to their lower crystallinity [79].

1.7.2  Processed/purified cellulose

Cellulose can further be classified based on the nature and extent of its processing/struc-
tural refinement as well as from its purity. Processed forms of cellulose such as alpha cellulose,
microcrystalline cellulose and cellulose nanocrystals — offers high purity, and its physicochemical
characteristics allows them to be widely used across various industries ranging from pharmaceu-
ticals to construction industry [80]. These cellulosic biomaterials are highly versatile —facilitating
various functions by serving as binders, thickeners, reinforcing materials or as rheology modifier

[80].

1.7.2.1  Alpha cellulose (AC)

Alpha cellulose is the richest and purest form of cellulose, which is extracted from plant
material like wood pulp or cotton. It is a white powdery substance, which is insoluble and has the
highest degree of polymerization (compared to MCC and CNCs). The extraction of AC involves
subjecting the lignocellulosic biomass (such as pulp / cotton) to alkaline treatment (using 17.5%
sodium hydroxide solution at elevated temperatures [81]. The purpose of this step is to dissolve
the soluble fraction of cellulose (i.e., beta and gamma cellulose), leaving behind the insoluble
fraction (i.e., AC) [81]. AC is then filtered, washed thoroughly and dried, followed by bleaching

step, involving agents such as hydrogen peroxide or chlorine chloride to obtain better purity and
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brightness. Typical applications of AC include its use as a bulking agent in pharmaceuticals for-
mulations/food industry [82]. Morphologically, AC is characterized by microfibrillar networks
which are tightly packed together, giving it a rigid morphology [82]. The fibers are usually long
and thick with high aspect ratio and typically appear coarse and irregular, reflecting its minimal
refinement compared to processed cellulose derivatives (such as MCC/CNCs) [82]. Moreover, due
to the presence of both crystalline and amorphous region, AC typically has lower crystallinity
(crystallinity index (CI) in the rage of 65 — 70%) compared to other processed derivatives [82]. In
addition to this AC often serves as a starting material to produce highly crystalline micro/nano

crystalline biomaterials.

1.7.2.2  Microcrystalline cellulose (MCC)

MCC is purified, partially depolymerized type of cellulose, often derived from AC through
mild acid hydrolysis process [83]. This process selectively isolates/removes the amorphous regions
of the cellulose structure, retaining the crystalline part — responsible for MCCs higher degree of
crystallinity [84]. Typically, MCC are extracted via hydrochloric acid hydrolysis, where the start-
ing cellulosic biomaterial is treated with a controlled concentration of HCL (usually around 2 -2.5
M at temperatures ranging from 60° - 105°C) for 15 — 2 hours, depending upon the desired degree
of depolymerization [85—88]. After this, the reaction is quenched, washed, charge neutralized and
dried to obtain white powdery substance. Typical applications include use as binders/textur-
izer/stabilizer in applications ranging from cosmetics, pharmaceuticals, food industry to construc-
tion sectors [89]. Morphologically, MCC is characterized by short, rod-like or irregularly shaped
granular particles. These particles are generally fragmented from cellulosic precursor (such as AC)

through acid hydrolysis, as a result MCC appears to be more compact comprising of granular micro
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particles (with rough surface containing minimal functional groups) with typical particle sizes in
the range of 50 — 70 um [82]. Additionally, since most of the amorphous region has been isolates,

MCC generally exhibit higher crystallinity (with reported ‘CI’, in that range of 75 — 80 %) [82].

1.7.2.3  Cellulose nanocrystals (CNCs)

CNC:s are the highest refined form of cellulose (isolated down to nanoscale crystalline re-
gions with most of the amorphous regions removed — this is marked by its high crystallinity, with
typical ‘CI” in the range of 80% [90]). CNCs are extracted via acid hydrolysis (typically extracted
via sulfuric acid hydrolysis, where starting cellulosic material is treated with concentrated sulfuric
acid, typically 55-65wt.% at temperatures ranging from 40° to 60°C for 30 to 90 minutes. These
conditions preferentially hydrolyze amorphous cellulose regions, while preserving the crystalline
regions. In addition to this, the process of hydrolysis also imparts surface functional groups onto
the CNCs surface (sulfate ester groups in this case — since sulfuric acid was employed) introducing
negative surface charge — enhancing their colloidal stability in water [91]. Morphologically, CNCs
is characterized by rod shaped (or whisker shaped morphology), with high aspect ratios with length
ranging from approximately 100-300 nm and diameter ranging from 3 to 10 nm.[90] This rod like
morphology contributes to their excellent mechanical strength and stiffness (100 -160 GPa
[90,92]), with its nanoscale dimensions impart high surface area. In addition to this, the added
advantage of CNCs over the other processed crystalline cellulosic derivatives is their ease of sur-
face chemical modifications. The availability of abundant CNCs can be readily functionalized
through various chemical modifications such as (esterification, oxidation, grafting or silanization)

- making it a versatile nanoscale substance [90,93]. These properties enable CNCs to be employed
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in a wide range of applications involving structural composites, cementitious materials, packaging

materials, rheology modifiers, drug delivery etc. [90,93].

1.8 Role of processed/purified cellulosic biomaterials on the performance of cementitious

system

Based on the source, extraction techniques and the solvent employed, cellulosic biomateri-
als can facilitate multifunctional roles, when employed as an additive in cementitious system. This
section highlights some of the recent advances, employing cellulosic biomaterials as additive in
cement/concrete applications. Note that the number of studies involving the use of MCC and AC
is some what limited compared to the extensive research available on CNCs. Therefore, this liter-

ature review (Vide infra) primarily focuses on the effects of CNCs in various cementitious systems.

1.8.1 Rheology

The positive impact of the macro-sized cellulosic fibers on cement rheology further in-
spired more research activities involving the nano-sized cellulosic materials, i.e., CNCs. The rhe-
ological properties of cellulose nanomaterials (reinforcement) in cementitious materials (cement
paste) were first reported by Cao et al. focusing on the understanding of how the shear stress of
the cement paste varies as a function of CNCs content (0 — 3.5 vol%) [57]. Notably, at fixed w/c
of 0.35, at low CNCs content (i.e., <0.3 vol%), the yield stress was reduced and reached a mini-
mum of 15 Pa (at 0.04 vol%) and thereafter increased (reaching a maximum of 600 Pa at 0.15
Vol% of CNCs concentration) as the concentration of CNCs increased[57]. They attributed this

reduction in shear stress due to a phenomenon called steric stabilization [94] - a well-known mech-
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anism observed in water reducing admixtures (WRAs) such as poly(carboxylate) based superplas-
ticizer [57,94]. On the other hand, the increase in shear stress observed by Cao et al. (when the
CNCs concentration was increased beyond 0.3 %) is attributed to the CNCs agglomeration effect
[27] in fresh cement paste pore solution [57,62,95]. This could be vital because the excess CNCs
could act as defects or stress concentrators which could be detrimental to the resulting mechanical
properties of the cementitious materials [57,95]. In order to negate this problem Cao et al. in their
subsequent research, proposed tip ultrasonication [96] as a processing technique that could be em-
ployed to disperse CNCs more uniformly in the cement matrix [96]. Their rheological studies in-
dicated that, when CNCs concentration increased above 0.18 vol % in the pore solution, agglom-
eration starts to develop which increases the yield stress, and employing tip sonication would result

in better dispersion and increase in mechanical properties to over 50% [96].

Studies by researchers [57,96,97] employed CNCs from the same source and tested only a
fixed w/c ratio of 0.35., To gain a broader perspective regarding the influence and physical prop-
erties of CNCs on the w/c ratio, Montes et al. utilised three different w/c ratios (0.30, 0.35,0.40).
Their results revealed a reduction in yield stress as the CNCs content and w/c ratio increased [98].
This suggest that a higher w/c ratio can accommodate a greater amount of CNCs (acting as VMAs)
in the cement matrix, before the excess CNCs start to increase the yield stress (due to agglomera-
tion effect). At lower dosages, CNCs primarily functions as WRAs [98]. When the CNCs concen-
tration is less, the particles remain dispersed and mobile, lacking the critical concentration needed
for alignment or network formation. As a result, the shear-thinning behaviour becomes less pro-

nounced at lower CNCs dosages.[98].

27



1.8.2 Hydration Kinetics

When cement encounters water, an exothermic reaction occurs between the cement clinker
phases (e.g., calcium silicate/aluminate) and water, which can be monitored via ITC experiments,
which measure the heat released as a function of reaction time (expressed in hours). In the recent
literature [99,100], it was shown that hydration kinetics is affected by the pulp fibers and/or a
variety of nanocellulose (additive). However, one of the major limiting factors in FC is that there
is a retardation effect on hydration by the non-crystalline saccharides (additives). Kochova et al.
reported that the incorporation of lignocellulosic fibers in cementitious system can significantly
retard (up to 48 hours) OPC hydration [99]. This really iterates the importance of moving towards
more crystalline cellulose based additives in FC [100]. Since not much studies have been con-
ducted on the effect of pulp fibers, AC & MCC on the hydration kinetics, this literature review
focuses on summarizing the research done in terms of understanding the hydration kinetics of
utilising CNCs in FC. The hydration behaviour of CNCs-reinforced cement paste was studied by
Cao et al. and the ITC test indicated that the peak heat flow was delayed with the addition of CNCs.
In contrast, the degree of hydration (DOH) at a given age (e.g., 7 day) is increased [57]. Similar
conclusions were obtained by Flores et al. who indicated that even if the size of CNCs used is
larger than that used by Cao et al. [57] the overall trend in the hydration heat is similar to each
other, and CNCs were observed to delay cement hydration at an early age but improve the hydra-
tion at a later age. Besides, Ghahari e al. indicated that the use of 0.2% and 1% CNCs by volume
of cement paste could extend the dormant period of cement hydration that is indicative of the
delayed hydration but increase the hydration heat that is indicative of the increased degree of hy-

dration [101].
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The delaying effect on the cement hydration (specifically the initiation of hydration) is
mainly because CNCs adhere to cement particles and block the cement particles from reacting with
water. The increased degree of hydration (DOH) at a given age can be attributed to two possible
reasons [57]. One reason is the steric stabilization effect, which is commonly observed in some
WRASs, by which CNCs can disperse cement particles more uniformly and thus enhance the reac-
tion efficiency with water. However, the degree of hydration analysis on cement pastes with WRAs
indicates that the steric stabilization does not improve the DOH significantly, which indicates that
the steric stabilization may not be the dominant reason. The other reason was attributed to a mech-
anism referred to as short circuit diffusion (SCD). For plain cement pastes, during cement hydra-
tion, the hydration products can form a shell around the unhydrated cement particles, which can
prevent water from diffusing into the interior unhydrated cement particles and thus slow down the
hydration rate. However, for cement pastes with CNCs, the CNCs initially adhere to cement par-
ticles and remain inside the hydrated product shell as the hydration progresses. The CNCs can
provide some channels for water transportation through hydration products to inner unhydrated
cement particles, which can further improve cement hydration. Moreover, the short circuit diffu-
sion mechanism is confirmed to be more dominant than the steric stabilization mechanism in these
systems. Furthermore, CNCs from various raw material sources and processing techniques can
affect cement hydration differently when cement type varies. Fu et al. applied nine different CNCs
to cement pastes made using type I/Il cement and type V cement, respectively [95]. One important
finding was that, although all CNCs increased the degree of hydration at a given age, CNCs
produced via transition metal-catalyzed oxidation were particularly effective in enhancing hydra-
tion heat release, regardless of the cement type. Another key observation from ITC test was that,

at early ages, the retardation effect (i.e., a delay in the time to reach peak heat flow) was more
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pronounced in type V cement paste than in type I/II cement paste. However, the total heat release
in type V cement paste was greater. This may be attributed to the relatively higher aluminate phase
content in the type I/Il cement. Hydrated tricalcium aluminate (C3A) phases (ettringite and mono-
sulfate) tend to adsorb more CNCs than other hydrated phases, leaving fewer CNCs available to
interact with silicate phases in the Type I/Il cement paste. This leads to a reduced retardation effect
on cement hydration. Meanwhile, fewer CNCs on cement particle surfaces reduce the potential for
the short-circuit diffusion (SCD) effect, resulting in a lower degree of hydration at a given age.
These results suggest that the effectiveness of CNCs is closely tied to the CsA content in the ce-

ment.

1.8.3 Mechanical properties

The strength of a FC composite is critical, as it dictates the type of application to which
the cement composite can be employed (structural / non-structural). Over the past couple of dec-
ades, extensive research has focused on using pulp fibers as reinforcement in cementitious com-
posites. Key parameters such as pulping techniques [102,103], fiber surface treatment [104],
bleaching effects [105], fiber morphology [106], fiber moisture content [107], fiber orientation
[108] and fiber durability (wet/dry & freeze thaw cycles) [25,109] have been investigated for their
influence on mechanical performance, particularly flexural strength. These studies collectively in-
dicate that pulp fibers represent a promising, sustainable alternative to petrochemical-derived fi-

bers for reinforcing FC.

Recent years have seen the use of CNCs as an additive in cement systems. First, a modest
dosage of CNCs (e.g., 0.2% by weight of cement) can improve the mechanical properties, whereas

a high dosage of CNCs can result in negative effects [57,101,110-114]. The improvement in the
30



mechanical properties of cementitious materials at low dosages of CNCs can be attributed to the
increased degree of hydration at a given age. Cao et al. examined the relationship between the
flexural strengths and DOH. Results revealed that, at low CNCs dosages, the flexural strength
increased linearly as a function of DOH [57], suggesting that the observed improvement in me-
chanical properties can be closely related to the increase in DOH. Moreover, by comparing these
results with conventional WRAs, Cao et al. demonstrated that, CNCs were more effective in im-
proving the flexural strength than WRAs [57]. Since hydration analysis showed that steric stabili-
zation is not the primary mechanism driving the increased degree of hydration, WRAs alone can-
not enhance flexural strength solely through steric effects. Furthermore, Cao et al. highlighted the
potential of CNCs to combat microcracking could contribute to improved mechanical performance
in cementitious composites [115]. At high dosages of CNCs, the reduction in the mechanical per-
formance can be attributed to the aggregation of CNCs, that can act as stress concentrators, even-

tually compromising the structural integrity of the FC [57].

1.9 Cement replacement strategies and matrix modification

The second strategy widely employed to decarbonize the CO; emission related to cement
production involves modifying the binder matrix to partially or completely replace OPC. This is
often facilitated by incorporating supplementary cementitious material as a partial substitute / ma-

trix modifier, that enhances the pozzolanic activity, while reducing its GWP impact.

1.9.1 Low carbon cement blends: SCMs

Conventional SCMs belong to the class of silicate or aluminosilicate, namely metakaolin

(MK), silica fume (SF), fly ash (FA - class c/f), granulated blast furnace slag (GBFS) to name a
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few, and these materials rely on the presence of silica and alumina in them, which react with port-
landite (produced as a result of OPC hydration — note that these SCMs are substituted in propor-
tions to replace cement) to form additional C-S-H and Calcium aluminate hydrate (C-A-H) phases,
improving strength and durability [116]. Despite these improvements w.r.t to improved strength
and durability, a major issue related to these SCMs is the supply chain constraints [117-119]. For
instance, the availability of FA (produced as a byproduct of coal-fired power plants) is declining
due to the global shift in moving towards more sustainable and renewable energy-based power
generation (especially in economically developed countries) [117,118]. Another example would
be that of GBFS (produced as a byproduct from the steel industry) — whose sourcing and produc-
tion is highly regionally depended /constraint (due to raw material availability, energy demand,
industrial infrastructure, environmental and economic regulations and government policies)
[117,119]. Additionally, these SCMs exhibit batch to batch variations in both composition / purity
— thereby making their standardization difficult — affecting the reliability and performance of the
resulting cementitious material. Moreover, certain pozzolans can increase curing time, reduce
workability (increasing the water demand) and require optimum formulations to achieve the de-
sired performance, making it difficult to set universal standard or establish consistent regulations

[120].

Among these SCMs, MK offers a unique advantage, due to its high pozzolanic activity and
ensuring consistent/ reliable quality from batch to batch [121]. This is because, unlike other SCMs,
produced as a byproduct of fossil fuel and steel industry, MK is produced by controlled calcination

of kaolinite clay (at temperatures significantly lower than clinker production) — thereby produced

32



with predictable and uniform properties/composition. When supplemented with cement, the re-
sulting cementitious material exhibit improved strength and durability, primarily due to its ability
to refine the microstructure, provide chemical resistance (sulfate attacks and low chloride ion per-
meability) and mitigate efflorescence (white powdery crystalline deposit found on the surface of
the cementitious material— typically formed due to the leaching of calcium hydroxide from the
cementitious material and its subsequent reaction with CO; to form calcium carbonate) by binding
free calcium hydroxide in the presence of moisture [121]. However, one of the limitations of MK,
compared with other SCMs is its relatively increased GWP (due to the energy demand / environ-
mental implications related to open pit mining (for kaolinite extraction) and calcination) [122].
Despite these limitations, MK is still widely used and is the most preferred choice of binder mate-
rial/ precursor for alkali activated materials (AAM) and geopolymer systems as its benefit out-

weighs its drawback [123].

On the other hand, biogenic SCMs have gained a lot of interests, such as the use of effective
microorganisms as fillers and cement supplement [124] and biogenic SF [125]. However, micro-
bial based SCMs, struggle with survival challenges of microbes in harsh alkaline environment
present in cement matrix [124], while variability of silica content arising from different biogenic
sources leads to workability issues and poor mechanical strength in biogenic silica supplemented
cement composites [125]. Likewise, waste biomasses, like spent coffee grounds (SCGs) were also
reported as the key component of the cement admixture [126]. Although, this proved to be an
efficient way to valorise these waste biomass sources which other wise needs to be landfilled, the
mechanical properties were severely compromised due to the compatibility issues between inor-

ganic cement matrix and organic-heavy coffee grounds [127].

33



Over the last decade, BC — as a biogenic material has gained interest for various applica-
tions, such as the development of “eco-friendly” structural building materials [128]. In fact, in
2018, the Intergovernmental panel of climate change (IPCC) recognized the use of BC as a prom-
ising carbon negative emission technology [129]. BC is a carbon rich solid-waste, co-produced
during the biomass-bioenergy generation process via controlled pyrolysis (300—700 °C, little or

no oxygen). More details on this are mentioned in the European BC Certificate guidelines [130].

Its amorphous carbon structure results in low H/C (Hydrogen to Carbon) and O/C (Oxygen
to Carbon) ratios, which is also observed for soot, carbon black (graphite-like material), to name
a few [131]. These ratios indicate chemical stability (i.e., high pH) and relatively higher degree of
carbonization [131]. The chemical structure of BC consists of 6-membered aromatic ring with var-
ious polar functional groups, like carboxyl, carbonyl, quinone, and lactone, etc. [132]. It is classi-
fied as an alkaline material owing to the presence of carbonates (salts of bicarbonate and car-
bonate), inorganic alkalis (oxides, hydroxides, sulfates, etc.) in addition with soluble and structural
organic groups [133]. But understanding and quantification of its alkalinity remain an active area
of research [133]. Overall, the chemical composition and physical properties of biomass depend
on the biomass type and pyrolysis process parameters [134]. Nonetheless, as a carbon dioxide
sequestering material, it offers a pathway to permanently remove CO: from the atmosphere by
retaining its chemical form. In addition to this, conversion of biomass to BC also serves as effective
valorization techniques for these waste biomasses, which otherwise needs to be landfilled (me-
thane emissions during organic decomposition of waste biomasses contributes to GWP [135]).

Moreover, it is estimated that the use of BC technology can eliminate up to approximately 1.7 —
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3.7 PgCO2-eq of CO,[136] from the atmosphere —highlighting the immense potential of utilizing

BC in various applications to mitigate climate change.

Beyond carbon sequestration potential, BC has been reported as a SCMs for cement mor-
tar/concrete application and its influence over rheology, cement hydration and mechanical prop-
erties to its — attributed to its distinctive pore structure (also topology), surface chemistry and

morphology (literature review, vide infra).

1.9.2 Effect of BC on the rheo-mechanical performance of FC

In the case of FC, the materials chemistry of BC (particles size, chemical composition and
pH) can play a crucial beyond green chemistry, such as improving hydration kinetics and modi-
fying the rheo-mechanical properties. To date, the majority of BC applications as SCMs have fo-
cused on cement mortar and ultra-high-performance concrete. One of the noticeable effects of
using BC as SCMs is that organic residues in biomass are converted into amorphous carbon (low
H/C and O/C), which can delay cement hydration. This retardation extends handling time of the
FC slurry and helps maintain workability, both of which are critical for achieving optimal mechan-

ical performance in the final composite.

In a recent report from Roychand et al., it was found that BC from spent coffee grounds
improved the compatibility between the cement matrix and the biogenic SCMs [127]. Dixit et al.
explored the particle size effect of BC and examined its dual roles, acting as an internal curing
agent and SCMs [137]. Note that manually ground BC was first presoaked in water prior to com-

posite fabrication. Notably, at Swt.% of finer (< 250 um) BC particles, cement hydration was ac-
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celerated, and higher heat release was observed compared to coarser (>250 um) ones. It was spec-
ulated that finer BC particles could adhere to the positively charged clinker phases owing to higher
surface area, creating more nucleation points and thereby accelerating hydration. Furthermore,
Gupta et al. [138] reported the particle size of BC plays a pivotal role in tuning the rheology (i.e.,
static yield stress) of cement paste using a ball milling (BM) method [138]. Interestingly, coarser
BC particles (avg. particles size ~ 45 — 50 um & 2 vol.% addition) increased the static yield stress

by 1.8 — 2.7 times compared with BM (avg. particles size: 10 — 18 um).

In two separate studies by Choi et al. [139] and Gupta et al. [140], incorporation of BC at
5 wt.% (biomass sources: switchgrass, curing 28 days), and 2 vol.% (biomass sources: locally
collected sawdust, curing: 7 days), resulted in compressive strength improvements of 10% and
40%, respectively. However, for non-structural application, Restuccia and Ferro [141] reported
that at 0.8 wt.%, flexural strength of the cement mortar (curing: 28 days) increased by 30% [141].
Similar results were obtained by Kushmood et al., at 0.2 & 0.080 wt.%, flexural strength (curing:
28 days) improved by 83% and 80%, respectively [142]. Regarding durability, Sirico ef al. [128]
evaluated the effect of wood waste derived BC on wet/dry strength of concrete — 5 wt.% addition

contributed to 30% increase in compressive strength.

To surmise the literature review section, the effect of BC on cement hydration is evident,
but the exact mechanism remains unknown. Particle size reduction of BC renders benefits, such as
improving compatibility with cement. Regardless of the biomass source, mechanical strength is
generally retained or improved. However, none of the reports convey its role in the presence of

fiber reinforcement.
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1.9.3 AAM

AAMs are a class of binders produced by activating aluminosilicate rich precursor (such
as FA, GBFS or MK) with alkaline solutions to replace OPC as the primary binder. The idea of
exploring AAM was first investigated by Victor Glukhovsky in 1957 — inspired from the ancient
Roman and Egyptian construction [143]. He found that, strength imparting compounds in these
construction materials were based on amorphous aluminosilicate calcium hydrate (similar to C-S-
H phases formed during OPC hydration) for strength development along with crystalline analcite
phases (a specific type of zeolite) which explained durability [143]. Considering these findings as
a baseline, he further went on to develop a new class of binder termed as “soil-cement”, in which
aluminosilicate precursor was combined with alkali rich industrial waste to make AAM (so called
soil cement) [143,144]. While the initial motivation for the development of AAM was to valorise
industrial waste by-products (such as FA, GBFS, rice husk ash, which were produced in large
quantities), recent years have seen a rapid interest in utilizing these materials as OPC replacement

to curb the CO: emissions related to OPC production.

AAM are broadly classified into two types : (a) High calcium based systems [145,146]:
which comprises of aluminosilicate precursors with high calcium oxide content (>10% ) such as
GBFS, class C FA, to name a few. They are employed in moderately alkaline conditions to from
calcium aluminosilicate hydrate (C-A-S-H) gel — and the resulting AAM are known for its faster
setting time and early strength development (which is proportional to calcium content in the pre-
cursor). (b) Low calcium bases system [145,146] — which utilises aluminosilicate precursor con-

taining relatively lower levels of CaO content (<10 %), (for e.g., MK or class F FA). The final
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reaction product of this system is a stable three dimensional inorganic sodium aluminosilicate hy-
drate (N-A-S-H) gel. These AAM are classified by their longer setting time / prolonged strength

development are often referred to as geopolymer systems.

At this juncture it is important to note that, not all AAM are geopolymer but all geopolymers
can be classified as AAM. The primary difference lies in the CaO content in the aluminosilicate
precursor followed by the difference in their reaction products. AAM hydration product is a mon-
omer precipitate (similar to OPC hydration product) whereas geopolymer reaction product is char-
acterized a true polymer. Additionally, another class of AAM exist known as the hybrid or blended
systems where in AAM precursors are blended with OPC clinker to form N-A-S-H and C-A-S-H
reaction products [147]. However, this thesis is primarily focused on low calcium AAM or geo-

polymer system due to the following reasons.

On of the major goal of this thesis to utilize low carbon binder material in FC. As the
name suggests, high calcium systems often require precursors that are produced as a result of CO»
intensive proses (for e.g., BFS is produced as by product of steel industry). Whereas geopolymer
systems often employ precursors whose production processes are less carbon intensive (for e.g.,
MK, FA etc.). Additionally, hybrid system is still dependent on OPC systems, thereby suppressing
their sustainability characteristics. Moreover, Low calcium systems, allows the valorization of
large quantity of waste materials such as class F FA / calcined clays — aligning with circular econ-
omy principles. In addition to the sustainability aspect, geopolymer systems are known to exhibit
better chemical/thermal stability and reduced efflorescence compared to high calcium systems
(this is because C-A-S-H is more prone to carbonation, acid attack and leaching compared to N-

A-S-H reaction product) [147].
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In literature disparity still exists in terming systems as AAM / geopolymer systems. For
instance, many studies in literature have termed alkali activated BFS system as geopolymer (de-

spite BFS is rich is calcium content and the reaction product is C-A-S-H instead of N-A-S-H).

Therefore, these systems are often misrepresented in literature, deviating from its true def-
inition. Considering these factors, this follows the strict convention of using well defined textbook

definition to distinguish between AAM/geopolymer system [148].

1.9.4 Geopolymer binders

Geopolymer, termed coined by French material scientist Joseph Davidovits, refers to inor-
ganic polymer binder developed through the reaction between aluminosilicate materials (source
material / binder) and alkali hydroxides and / or soluble silicates [149,150]. This material is known
to exhibit superior mechanical strength, durability and high strength to weight (S/W) ratio, com-
pered to OPC counterparts [151,152]. The geopolymerization reaction involves the dissolution of
aluminosilicate precursor upon contact with the alkaline activators, which result in the formation
of oligomers that undergo polycondensation reaction to form a stable three dimensional frame-
work, namely, polysialate (— Si — O — Al — O), polysialte-siloxo (- Si— O - Al - O - Si - 0),
polysialate-disiloxo (— Si— O — Al - O - Si— O — Si — 0O) [149,153,154]. Beyond exceptional
mechanical performance, the formation of geopolymer precursors involve much lesser CO2 emis-
sions compart to manufacturing of cement clinker phases. Commonly used source/ binder materi-
als include industrial and waste/by products such as FA, SF, coconut/rice husk (depending on the
calcium content) ash. In addition to this Kaolinite clays are calcined to form MK (high is highly

reactive) and is often employed as a geopolymer precursor.
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In terms of alkaline activators used to initiate geopolymerization reaction, typically consist
of sodium hydroxide (NaOH), Sodium silicate (Na2Si0O3), sodium carbonate (Na,COs3), potassium
hydroxide (KOH) and potassium silicate (K2Si0O3) [155]. Among these, NaOH is often preferred
over KOH, due its superior ability to dissolve aluminosilicate precursors, promoting effective ge-
opolymerization. Additionally, the lower cost of NaOH compared to KOH contributes to its wide-
spread use in geopolymer and AAM synthesis. Na,SiOs3 is also widely used preferred to be em-
ployed in conjunction with NaOH as it provides additional soluble silica to facilitate polyconden-
sation reaction — essential for strengthening in the geopolymer gel. The factors that affect geopol-
ymerization reactions are the activator ratio, activator to binder ratio and the Si/Al ratio of geopol-
ymer precursor. Their careful selection of these parameters is required to impart desired rheo-
mechanical performance to the resulting geopolymer system. It may be noted that water is not
directly added to the geopolymer mix, unless required to main workability (the water typically
comes (in diluted form) from the Na,SiO3 / NaOH solution and is not chemically bound like OPC

system but rather facilitates the dissolution of aluminosilicate precursors.

1.9.5 MK as a precursor in geopolymer synthesis (factors influencing the rheo-mechani-

cal performance)

As mentioned in the earlier sections of the literature review, MK offers a more standardized
reliable and highly reactive precursor/binder material as a precursor for geopolymer systems.
When Kaolinite clay undergoes the calcination process (typically around 500°C - 850°C), its struc-
ture loses the hydroxyl groups and undergoes significant changes (the octahedrally bound alumi-
num gets converted into penta/tetra coordinated forms, which are known to be highly reactive in

alkaline conditions [156,157]. This is crucial to effectively facilitate the first step in geopolymer
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synthesis, which involves the dissolution of Si and Al species. In terms of performance, the Si/Al
ratio dictates the structural configuration, workability, mechanical strength and durability of re-
sulting synthesized geopolymer [ 158]. Note that the Si/Al ratio mentioned here refers to the overall
molar ratio of silica to alumina in the total mix- including the alkaline activators. In terms of work-
ability, higher Si/Al ratio, promotes more dissolution of Si in the mix — which facilitates the for-
mation of silica chains and gelation in aqueous phase — leading to increased network formation,
marked by rise in viscosity and reduced workability [159-161] In terms of setting time, previous
research works have indicated that, higher Si/Al ratios (> 1.5) are generally associated with in-
creased setting time — this is because, higher dissolution silicate species would mean more time
for the polycondensation reaction to take effect [162]. In addition to this, the type and concentra-
tion of alkaline activators also influence the rheological behaviour of MK based geopolymer sys-
tem. The silicate modulus (defined as the ratio of Si02 / Na,O) significantly affects the workability
of geopolymer [163]. A modulus close to 1.5 is essential to maintain balance between reactivity
and workability - with higher modulus, reduces the alkalinity which impacts dissolution, whereas
lower modulus result sin rapid setting — proving detrimental for the geopolymer [164,165]. Now,
following the workable regime, as the geopolymerization proceeds, the alkali cations (from the
added activator) play an integral role in stabilizing / balancing out the negative charges generated
as a result of the polycondensation reaction (i.e., the silicon present in the aluminosilicate network
is substituted by aluminum and each of AlO4 repeating unit introduces negative charge that are

balanced by alkali cations — leading to the formation of stable aluminosilicate network).

Moreover, the concentration of these alkali activators significantly impacts the perfor-

mance of the synthesized geopolymer [166,167]. This parameter is often expressed in molar ratios
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of Na/Al [168]. An optimal ratio of 1, suggests efficient charge balancing, whereas higher ratios
may lead to release of free alkali, that may result in efflorescence. With regards to mechanical

properties, the Si/Al ratio plays a vital role [169].

Ratios between 1.7 — 2.0 are considered optimal and geopolymers synthesized with these
ratios exhibited the best performance [169]. Additionally compared to geopolymer system com-
posed of other precursors, prior literature studies have indicated that MK based geopolymer system
have exhibited the highest compressive strength [169]. Higher ratios are known to enhance Si— O
-— Si linkages, contributing to improved strength — however the caveat here is that too high ratios
can lead to excess formation of unreacted silica — which acts as stress concentrators eventually
leading to the weakening of the geopolymer matrix [168]. Another factor that influences the po-
rosity and workability of geopolymer is the water to solid ratio [170—172]. Extremely higher ratios
tend to improve dissolution and improve workability but lead to the formation of interconnected
pores increasing tortuosity resulting in crack propagation, while extremely low dosages can reduce
workability and yield geopolymer mix that cannot be worked with [170]. Therefore, geopolymer
synthesis often deals with formulation challenges (optimizing various mix ratios) and having the
right formulation ensures optimum workability with a refined, less porous microstructure that en-
hances mechanical strength, and long-term durability while ensuring enhanced chemical re-

sistance.

1.10 Research distinction

Despite extensive research into either improving FC with cellulosic additives or decarbon-
izing cement with alternative binders, the literature lacks a unified investigation that connects rhe-

ological, mechanical, and environmental performance across both additive and binder levels. This
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thesis distinguishes itself by bridging this gap: it develops a two fold strategy that couples renew-
able, plant derived reinforcements with tailored binder composites. By integrating mechanistic
insights with sustainability metrics such as life cycle analysis, this work goes beyond conventional
strength based evaluations to offers a comprehensive pathway for engineering next generation,

low carbon construction materials.
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Chapter 2: Thesis scope and objective

2.1

Research gap

Despite the recent progress, presented in Chapter 1, several important questions remain open:

While traditional (high CO» footprint) FC (non-structural composite) delves with carcino-
genic fibers, (i.e., Asbestos) and additives (e.g., densified SF), can we engineer an eco-
friendly FC with high performance metrics (i.e., flexural strength) and favorable processi-
bility (i.e., rheology)?

Can nano/micro cellulosic biomaterials act as suitable, green alternatives to conventionally
employed petrochemical derived / silica based additives in FC ?

Since biomaterials infused cement composite (FC) pose formulation challenges (both eco-
nomic and engineering), is it possible to develop a cellulosic blend (fiber and additive),
which will have low C/P ratio?

Cement is the predominant choice of matrix material for FC applications (whose produc-
tion is highly CO; intensive). To enhance sustainability, can FC be fabricated using low-
carbon cement blends or bio-derived SCMs (e.g., processed waste biomass) as a partial or

complete replacement for cement ?

2.2 Research objectives

My thesis is motivated by the open questions listed above and these questions led me to

define my primary objective: To develop sustainable, low — carbon, high performance FC compo-
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site by replacing conventionally employed petrochemical derived/ silica-based additives with bi-
obased alternatives and to curb cement related CO> emissions by transitioning to low-carbon ce-
ment blends or waste biomass-derived materials as partial or complete cement replacements. This

primary objective is pursued through two key approaches. Their sub-objectives are outlined below:

2.2.1 Reinforcement and additive modification

To incorporate CNCs as a biobased alternative to conventionally employed petrochemical

derived additive in pulp FC composites.

e To understand the impacts of CNCs on the key performance metrics of FC system such
as rheology, hydration kinetics and mechanical properties (i.e. Flexural strength).
e To benchmark the effect of CNCs on the key performance metrics against the commer-

cial standard (i.e., PCEs).

To incorporate economically viable microcellulosic biomaterials such as MCC & AC, as a

biobased alternative to conventionally employed synthetic additives in FC.

e To investigate the effect of these additive/fiber combinations on the rheo-mechanical
properties of FC.
e To conduct a C/P of FC system incorporating different cellulose fiber/additive combina-

tions.

2.2.2 Matrix modification

To incorporate BC as a low-carbon SCMs for FC applications.
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To study the effect of BC physicochemical characteristics on the rheo-mechanical proper-
ties of FC.

To understand the mechanism of strength development in BC supplemented FC compo-
sites.

To conduct a cradle to gate life cycle impact assessment and cost / performance analysis to
understand the sustainability and economic viability of BC supplemented FC compared to

conventional systems.

To develop a low-carbon FC using a Mk-BC geopolymer as a complete replacement for OPC

in FC applications.

To understand the key formulation challenges for developing (Mk-BC) geopolymer (opti-
mising processing parameters such as activator ratio, activator / binder ratio) for ensuring
workability and mechanical integrity of the FC system.

To benchmark the mechanical performance of (MK-BC) geopolymer incorporated FC sys-
tem with conventional OPC based FC system.

To assess the environmental impact (using cradle to gate LCA analysis) of Mk-BC geopol-

ymer incorporated FC against OPC based FC.
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Figure 2.1 Schematic overview of the thesis scope and objectives, investigated through two key approaches:

reinforcement/additive modification (chapter 3&4) ad matrix modification (chapter 5&6).

2.3 Thesis organization

This thesis is structured to systematically explore the development of sustainable, low-

carbon FC through two primary approaches: reinforcement and additive modification and (b) ma-

trix modification (see Figure 2.1). Chapter 1 presents a comprehensive literature review intro-

ducing FC, outlying its composition, applications and challenges, particularly focusing on its en-

vironmental impact due to the use of petrochemical/silica-based additives and OPC. This chapter
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explores potential solutions, focusing on cellulose-based additives and low carbon cement alter-
natives, discussing their latest advancement in their area and their potential to reduce carbon foot-

print of FC system and sets the context for research objectives.

Chapter 2 presents the scope of the research, identifies the potential research problems
from the open research questions presented in Chapter 1. This chapter sets the objectives of the
study, establishing the direction and exploration of biobased additives and alternative cementitious
materials through two key approaches (a) reinforcement/additive modification and (b) matrix mod-

ification.

Chapter 3 & 4 delves into reinforcement / additive modifications, investigating the incor-
poration of CNCs (in Chapter 3) and cost-efficient microcelluloisc biomaterials such as MCC &
AC (in Chapter 4) as a biobased alternative to conventional petrochemical derived/ silica-based
additives employed in FC. The impacts of these additives on the key performance metrics of FC
such as rheology, hydration kinetics and mechanical properties as well as cost / performance char-

acteristics are thoroughly assessed.

Chapter 5 & 6 shift the focus to matrix modifications aimed at reducing OPC consump-
tion. Chapter 5 examines the use of BC as low-carbon SCMs for FC (partial replacement) whereas
Chapter 6 explores the development of MK-BC geopolymer as a complete replacement to OPC.
The impacts of these alternate cementitious systems on the rheo-mechanical properties of FC are
assessed thoroughly. The environmental implications of these approaches are evaluated through a

cradle to gate LCA analysis in these chapters.
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Finally, Chapter 7, summarizes the findings from the two key approaches devised to de-
velop sustainable low-carbon FC, discusses the broader implications/limitations for sustainable

construction materials and offers recommendations for future research.
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Chapter 3: On the roles of CNCs in FC: Implications for rheology, hydration

kinetics and mechanical properties.

3.1 Introduction

The adoption of natural fiber-reinforced cement composites in commercial and residential
construction has grown steadily in recent decades, due to their potential to lower the embodied
carbon of building materials. [173,174]. Fiber reinforcement is typically kept < 8 wt.%, as higher
content of fibers has negative ramifications on the physicochemical properties: poor workability,
and mechanical strength — a “conundrum” in materials engineering, where the strength require-
ments of the composite with a reduced CO; footprint is essential to achieve SDGs [103,175,176].
Forests, which act as natural carbon sink by sequestering COz, play a key role in climate mitigation.
A single mature tree can absorb more than 48 pounds of CO annually [177], unless disrupted by
wildfires or decomposition. Therefore, utilizing wood-derived pulp fibers offers a promising strat-
egy to reduce the carbon footprint of cement based materials intended for construction applica-
tions. Note that pristine (unmodified) wood species will always have the biggest impact on reduc-
ing the CO; footprint of building materials. For instance, wood-based structural materials (i.e.,
CTL) can reduce GWP by up to 14% [178], which is significant given that buildings and construc-
tion contribute to nearly 40% of energy-related CO2 emissions. Therefore, incorporation of “low-
carbon” yet “high-performing” fibers as well as additives in FC fabrication is of paramount im-
portance; the key performance metrics are workability (rheology) improvement, curing kinetics

(hydration), and mechanical strength (reinforcement).

In general, issues in workability can be addressed by using superplasticizers —functional

PCEs based polymers — which enhance the flowability of FC at low w/c ratios. In other words,
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they can function as high-range water reducers [179], but most of them are still based on petro-
chemicals. Next, hydration kinetics of cement strongly influence setting time, which in turn gov-
erns early strength development — crucial in applications such as in oil-well cementing) [180]. In
the context of FC incorporating wood pulp, faster hydration kinetics during curing can help offset
the retardation effects caused by sugars present in lignocellulosic pulp [99], while also providing
benefits to traditional manufacturing processes, such as facilitating the smooth release of cast ce-

ment composites from well-defined molds.

Keep in mind that the use of traditional accelerators, (e.g., inorganic salts/salt-water [181])
is uncommon in FC but widely employed in task-specific concrete, such as seawater concrete. In
the case of biomaterials, Plank’s research group has pioneered the use of alginate-based biopoly-
mers (water-soluble anionic polysaccharide extracted from the cell walls of brown algae) to accel-
erate the hydration of calcium aluminate cement in the presence of PCEs. Additionally, Belie et.
al. [182] demonstrated that alginate could counterbalance the negative impact of superplasticizers
on the mechanical strength of cement mortar. These reports represent notable examples of the

emerging use of biobased additives in building materials.

Recent research has shown that cellulosic nanomaterials, such as CNCs, which are rod-
shaped crystalline building block of cellulose, can modify the rheology of cement paste [98], in-
fluence hydration kinetics, and reinforce concrete [183,184]. A fascinating feature of CNCs is that
they can be extracted from a variety of biomass sources (e.g., wood), and they exhibit a high aspect
ratio (= 6 — 70) [185,186], high stiffness (= 110 — 130 GPa), and remarkable tensile strength (= 10
GPa) [187]. Moreover, current market research predicts that the nanocellulose market will grow

from USD 271.26 million (as of 2017) to approximately USD 1,076.43 million by the end of 2025
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[187]. CNCs also offer a broad range of surface functionalities, depending on surface modification,
and exhibit resilience in harsh chemical environments, i.e., high pH, making them strong candi-

dates for cement reinforcement [183,188].

Despite these promising attributes, environmental considerations must be accounted for. It
is important to note that wood-derived nanocellulose (e.g., CNCs) typically has a higher GWP, as
its production process is energy-intensive [177]. However, using CNCs to partly replace cement
can help lower the overall CO; emissions, since cement has the highest carbon footprint in the mix
[189]. Now, in combination with wood-derived pulp fiber, the higher GWP impact of CNCs can
be justified, as they can also replace other components in FC, such as PCEs. Traditionally, PCEs
are by-products of petrochemicals (e.g., methoxy-polyethylene glycol copolymer); therefore, re-

placing them with CNCs further contributes to reducing the overall GWP.

In this study, we investigated the roles of CNCs as a rheology modifier (affecting workability),
curing agent (influencing hydration kinetics), and mechanical strengthener (providing reinforce-
ment) in FC. We hypothesize that CNCs, due to their nanoscale dimensions and interaction with
water, can locally tune the w/c ratio, thereby influencing both the workability and hydration path-
ways of FC composites. To validate the positive effects of CNCs, we varied their content during

fabrication and systematically examined rheology, hydration kinetics, and mechanical strength.

The novelty of this work lies in demonstrating CNCs as a multifunctional additive capable of
simultaneously tailoring rheo-mechanical behaviour and hydration kinetics, without the need for
additional, property-specific admixtures. Moreover, this is the first study to integrate CNCs into a
pulp fiber-reinforced cement system, highlighting the synergistic role of micro—nano cellulose in-

teractions in achieving a high biogenic content (>10 wt.%) while maintaining desirable fresh and
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hardened-state properties. These findings offer a potential solution to the current “conundrum” in
FC materials engineering: increasing biomaterial content beyond 10 wt.% while preserving me-
chanical performance and avoiding delays in curing. Furthermore, the beneficial roles of CNCs
demonstrated here could be extended to infrastructure concrete casting and the 3D printing of

building materials.

3.2 Materials and method

3.2.1 Raw materials

OPC, Type I was received as donation from Lafarge, Canada and then used for composite
fabrication (vide infra) [190]. CNCs were obtained from the process development center of Uni-
versity of Maine, USA [91]. NBSK pulp was kindly donated by Canfor, Canada [191]. poly
(acrylamide-co-acrylic acid) partial sodium salt, the PCEs based additive used in this study was
obtained from Sigma Aldrich, Canada and used as received [192]. Unless specified, reverse osmo-
sis (RO) water was used during composite fabrication. The physicochemical properties of raw

materials used for this study are listed in Table A.1 — Table A.3).

3.2.2 Fabrication of cement composite

Two sets of FC samples were prepared for this comparative study. The first set of samples
employed CNCs as a superplasticizer and the second set of samples incorporated PCEs. The non-
cementitious additives (CNCs/PCEs) varied in content (0.02, 0.06, 0.2, 0.6, 1, 2, 3, 4 wt.% of
cement) were hand mixed for 3 minutes after which they were transferred into the tabletop mixer
(Techwood 6-QT 800 watts, high power mixer) along with the refined pulp fiber. Please note that

all FC samples prepared for this study contain 8 wt.% of refined NBSK pulp fibers (herein denoted
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as ‘FC’) in them and only the additive (CNCs/PCEs) content ((x)wt.%) is varied, (see Figure B.1
for experimental setup diagram). A constant w/c ratio (by weight ratio) of 0.5 is employed for the
slurry preparation and mixing was continued for ~7 minutes at 600 rpm; with an intermittent break
at every 5 min, using a spatula the adhered FC slurry was scraped from the wall, sides and bottom
of the mixing bowl. The slurry preparation was done under a fume hood at temperature of 23 + 2
°C and relative humidity of 50 + 4 %. The slurry was then cast in a stainless-steel mold (30 x 20
x 0.8 cm) and then it was air cured. Note that the composite was completely (without releasing

agent) demolded after 7 days and then sealed in a plastic bag.

3.2.3 Characterization of sustainable cement composite

3.2.3.1 Rheological characterization

The rheological characterizations were conducted using a Rheometer from NETZSCH
Malvern, UK (model: Kinexus Ultra Plus). The testing geometry consisted of a four — vane type
geometry with (25 mm diameter). To be consistent across the various specimens, a testing protocol
was setup in a way that all the tests were started at an early age of 12 + 1 min. As the cement pastes
were in the dormant period, it was anticipated that the material behaviour would be unperturbed
during the testing period owing to the hydration. For each experiment, approximately 33 mL of
mixed FC slurry/paste containing additives in varied proportions was poured into the sample
holder and steady shear viscometry analysis was carried out with a logarithmic increment of four
steps at (25+1°C). The apparent viscosity corresponding to the high shear rate region (100 s™! to

562.4 sy was power law fitted to calculate the flow index ‘n’ (using the equation n = ky™™1,
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where ‘5’ — apparent viscosity, ‘k’ — consistency coefficient, ‘y’ — shear rate and ‘n’ — flow index)

[193].

3.2.3.2 Hydration kinetics

Hydration kinetics of FC slurry (with CNCs or PCEs) were measured using an isothermal
calorimeter from TA instruments, USA (model: TAM III). Upon completion of the slurry/paste
mixing process (vide supra), approximately 25-35 g of the sample were transferred into a glass
ampoule (diameter: 22 mm, height: 55 mm), which was then sealed using a crimp sealer and placed
into an instrument chamber, which was kept at constant temperature (25°C) using an oil bath., Prior
to data collection, the isothermal condition was held for 15 min to attain equilibrium condition,
and the steady-heat measurement was performed for approximately 70 h. The results were normal-

ized by the weight of the sample present in the ampoules.

3.2.3.3 XRD characterization

To characterize the cement hydration product, powder X-ray diffraction (PXRD) was per-
formed using an X-ray diffractometer from Bruker, Germany (model: D8-advance). To perform
this experiment, cured FC samples (28 days, air cured) containing additives (CNCs/PCEs) in var-
ied proportions were subjected to mild mechanical pulverization for 2 minutes (with intermittent
stops every 30 s) using a low rpm tabletop grinder (700 W, fusion blade digital blending system
manufactured by Black + Decker, USA) and sieved through Canadian standard testing sieve (man-
ufactured by W.S. Tyler, USA) with a mesh size of MS 100. The X-ray generator was operating
at 40 kV and 40 A producing Cu Ka; & Ka; (A0 = 0.154056 & 0.154439 nm) [194] radiation and
the diffracted X-rays (intensity, /) were recorded as a function of diffraction (Bragg) angle (26,
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range: 5°-90°) with a step size of 0.03° in a Bragg-Brentano configuration (reflective geometry,

distance between the sample and the detector was constant).

3.2.3.4 Microstructural characterization

To investigate the interaction of CNCs with pulp fiber and cement, backscattered SEM
images were obtained using Helios Nano Lab 650 equipment. For this study, Microstructural anal-
ysis was carried out in two systems. System one focused on investigating the interaction of CNCs
with the Pulp fiber and system two was focused on understanding the interaction of CNCs in Pulp
fiber — cement matrix. Since all our samples were nonconductive, an iridium coating [195] of
thickness (approximately 12 nm) was applied on each specimen using a sputter coater. For system
one, CNCs were mixed with approximately 8 grams of Pulp fiber in (4:1) ratio with a water to
fiber ratio of 0.5. The resulting mix was probe sonicated for 2 mins, and the sonicated samples
were dried in a glass slide. The dried samples were then coated and analyzed for its microstructure.
For system two, the cement samples were air cured for 28 days, after which the samples were
mechanically pulverized (mild mechanical treatment using a 700 w, fusion blade digital blending
system manufactured by Black + Decker, USA) and sieved through Canadian standard testing
sieve (manufactured by W.S. Tyler, USA) with a mesh size of MS 100. The resulting powdered

samples were coated and analyzed for its microstructure.

3.2.3.5 Mechanical characterization

Three-point bending tests of the cement composite (with CNCs or PCEs) were performed
using a universal testing machine from Instron, USA (model: Instron 5969). Rectangular block of

size (19.5 cm x 4.5 cm x 0.6 cm) was cut from the cast cement samples for testing their flexural
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properties. All the samples were tested at equilibrium condition (as per ASTM C1185 standard
requirements) on the 28" day of curing. A crosshead speed of 10 mm/min was used to test the

specimens, which was chosen as per the ASTM C 1185 standard requirements [196].

3.3 Results and discussion

3.3.1 Rheological characterization

Rheology of FC slurry not only affects the flow dynamics but also affects the hydration as
well as mechanical properties. Rheology (workability) of the FC paste plays a major role in the
fabrication (essential in pumping, mixing, spreading and compaction) process of the FC compo-
site. The inclusion of high fiber content in the cementitious system often tends to jeopardize the
cement workability and to keep the slurry viscosities in the usable regime, often additives with
super plasticizing effects are employed. Therefore, WRAs, e.g., PCEs have revolutionized con-
struction industries with their ability to improve the workability of the FC slurry and currently they
are employed as various forms of admixtures, e.g., accelerator admixture, retarder admixture, to
name a few. Since cement particles form flocs when they contact water, so, by adding a superplas-
ticizer (i.e., PCEs), their dispersion becomes better through the action of hydrophobic (electrostatic

repulsion) and hydrophilic groups (steric repulsion) of the polymer [197].
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Figure 3.1 Steady-state viscometry (SSV) results of the FC slurry as a function of (a) CNCs wt.% (x) and com-
mercial (b) PCEs wt.% (x) respectively. (Note that the SSV analysis of cement paste (at w/c = 0.5, devoid of any

fibers or additives is depicted in Figure B.2).

Figure 3.1 Illustrates the steady state viscometry results of FC in presence of CNCs and
PCEs (reference). Since all the samples contain 8 wt.% of cellulose fiber in the mix, all the samples
inherently exhibited a shear thinning behaviour (marked by x = 0 in Figure 3.1(a,b). The reason
could be that the shearing may induce the rupture of fiber flocs and fiber network within the FC
slurry, thus making the slurry to flow more freely [198]. Additionally, as proposed by Cui et al.
that the elastic bending of micro/nanosized cellulose fibers under shear may be another mechanism
that contributes to the shear thinning behaviour in bleached pulp fiber suspension [199]. It’s im-

portant to note that our system contains nanocellulose (CNCs) in varied proportions in addition to
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pulp fibers, therefore it is imperative that we understand the influence that the addition of nano-
cellulose have on the rheology of cement pastes. The influence of CNFs on the rheological prop-
erties of cement pastes were investigated by Mejdoub et al., Hisseine et al., El Bakkari et al., and
Nilson and Sargenius [200-202]. However, one of the major limitations that these researchers
faced while employing CNFs is that the workability of the cement past considerably decreased
with increase in CNFs content, which limits the addition of CNFs at high content (typically CNFs
content is kept below 0.5 wt.%) in cementitious system [200-202]. The reason for this was at-
tributed to the swelling effect of CNFs in the presence of water molecules (water molecules tend
to adhere onto the outer surface of CNFs), which consumes some of the water that is available for
mixing of cement paste and thereby causing the cement paste to thicken, resulting in decreased
workability [202]. However, due to the smaller size (100 — 250 nm) of CNCs compared to CNFs
(0.2 — 3um), this swelling effect was minimized, which permits the usage of CNCs at higher con-
tent (typically employed up to 1.5 vol%). Although content depended, addition of CNCs in ce-
mentitious system demonstrated plasticizing (typically in low content regime (< 0.2 wt.%) as well

as viscosity modifying effects (high content regime > 0.5 wt.%) [98].

Now as soon as the non-cementitious additives (i.e., CNCs & PCEs) are introduced (in
varied proportions) into our FC system, the viscosity (at any shear rate) is observed to be increased

with an increase in additive content. (See, Figure 3.1(a,b)).

Now in particular for CNCs, when we consider lower CNCs content (0.02 — 1 wt.%), the
increase in viscosities is not significant compared to the viscosity of the control sample containing
no additive (marked by x = 0 in Figure 3.1(a). This may be because at lower CNCs content, the

CNCs may get adhered on the surface of the cement particles and with the addition of water (during
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mixing), the CNCs may hold on to these water molecules (rather than getting agglomerated),
thereby increasing the bound water associated with the CNCs and when under shear, releases the
bound water and disperses the cement particles effectively through electrostatic and steric stabili-
zation [98]. Now as the CNCs content increases, the viscosity is also seen to be increased consid-
erably, which may be attributed to the tendency of CNCs to get agglomerated (especially at higher
content) [97,203,204], within the slurry, thereby making the slurry highly viscous. Furthermore,
at high CNCs content (1 — 4 wt.%) there could be more alignment of the agglomerated CNCs, in
the direction of shear, contributing to higher shear thinning effect. These observations are con-
sistent with the findings reported by Montes ef al. which indicated that lower content of CNCs in
the cement matrix would enable them to act as WRAs whereas higher content enables then behave
as VMAs [98]. Our observations (especially when CNCs are employed at low contents) were also
similar to biopolymers with superplasticizer properties, which includes starch, cellulose ether,
modified chitosan, and acrylamide grafted Kraft lignin polymer[205] have demonstrated plasticiz-
ing effect (> 1 wt.%) in concrete (a heterogeneous mixture of cement, sand, and aggregates) and
geopolymer mortars [206,207] In contrast to CNCs, the increase in viscosity with increase in PCEs
content (depicted in Figure 3.1(b)) could stem from different mechanism as opposed to CNCs.
For instance, steric hindrance from the long side chains that is attached to the polycarboxylate
backbone [208] can prevent cement particles from getting agglomerated. We also note that, at
higher CNCs content (>2wt%) the viscosity vs shear rate plot of the FC paste appears to be slightly
nonlinear and the possible reason for this could be attributed to the improvement in hydration (see
Figure 3.2(a,b)) resulting in a microstructural evolution causing the curves to be slightly nonlin-
ear. However further rheological studies would be required to validate these effects and is beyond

the scope of this study.
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Furthermore, behaviour of FC slurry (with CNCs) at high shear rate is important since it
could benefit practical large-scale applications (beyond non-structural materials), such as, pump-
ing of concrete and/or as 3D-printing of cementitious materials. Thus, we calculated flow index
‘n’ values for the high shear rate regime (see, experimental section for details) and ‘n’ was found
to decrease with increase in CNCs content (see Table B.1). According to the ‘power law’ model
[193], the result indicates that the FC slurry containing CNCs exhibited improved shear behaviour

compared to samples incorporating PCEs as an additive.

Overall, it can be inferred from the viscometry results that the rheological characteristics
of FC paste can be tuned with CNCs content (lower content facilitates plasticizing effect) whereas

higher content enhances the shear thinning effect of the FC slurry.

3.3.2 Hydration kinetics and products characterization

Cement, when it encounters water, an exothermic reaction occurs between clinker phase
(e.g., calcium silicate/aluminate) and water, which can be monitored via ITC experiments

measures the heat released as a function of reaction time (expressed in h).

In recent literature[99,100], it was shown that hydration kinetics is affected by the pulp
fibers and/or variety of nanocellulose (additives). However, one of the major limiting factors in
FC is that there is a retardation effect on hydration by the non-crystalline saccharides. Kochova et
al. reported that the incorporation of lignocellulosic fibers in cementitious system can significantly
retard (up to 48 hours) OPC hydration [99]. Similar retardation effect was also observed when 0.3
wt.% MCC was incorporated into cement mortar, accompanied by a reduction in the workability
of the cement paste [100].
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Figure 3.2 Hydration Kinetics characterization of FC slurry. ITC curves as a function of (a, b) CNCs wt.% (x)

and (c, d) PCEs wt.% (x) respectively. Note, that the horizontal arrow represents the trends pertaining to time it

takes for the FC sample containing additives to attain the main peak of hydration (silicate hydration peak) and the

vertical arrow indicates the improvement in heat of hydration pertaining to the silicate hydration peak.

Table 3.1 Summary of the ITC results of FC slurry containing CNCs based on the results shown in Figure 3.2.

FC slurry Content (x) Time to attain silicate Calculated heat flow
hydration peak (h)
of CNCs (wt.%) (mWg™)
Control 0 6.4 2.7
0.02 6.6 2.4
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Low CNCs

0.06 6.6 23
content

0.2 6.5 2.2

0.6 6.9 2.2

1 10.7 1.5

2 10.8 1.6

High CNCs con-

tent 3 9.6 23

4 9.1 24

Since in this research, we have combined the pulp (bleached) fiber and CNCs in FC, it is
necessary to decouple the individual contributions of the reinforcement and the additive on the rate
and extent of cement hydration. It was quite interesting observation that when CNCs are introduced
into FC slurry, the trend in ITC curves were content dependent — at lower CNCs content (x = 0.02
— 1 wt.%), the heat of hydration (expressed in mWg ) was decreased (2.4 — 1.5 mWg!) while the
time taken to reach the silicate hydration peak was more or less similar (see Figure 3.2, top-left)
to the reference/control sample (x = 0) with the exception, where x = 1 wt. % of CNCs indicated
maximum retardation effect. Such behaviour could be borne from the surface chemistries (i.e.,
negatively charged) and nanoscale characteristics (e. g., surface area) of CNCs. For instance, at
lower content, CNCs may act as WRAs, as reported by Montes et al.) which may deprive the
cement particles from reacting with water, thereby contributing to the delay in hydration (retarda-

tion effect).[98]
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On the other hand, for samples containing higher CNCs content (2 — 4 wt.%), the hydration
delay was minimized, and the specific heat of hydration was increased (see Figure 3.2(b) & Table
3.1). Reports from Youngbloods’ research group [57] highlighted the role of CNCs in improving
the hydration kinetics of the cement pastes (degree of hydration (DOH) improved from (~ 55 % to
~ 64 %) producing more hydration products with the increase in CNCs content (0 — 1.6 vol.%).
High surface area and water-retention ability of CNCs enabled water-transport from the cement
pore solution, across the hydration product shell on cement grains, to the unhydrated cement cores.
This mechanism, referred to as “short-circuit diffusion”, involves channelling water through CNCs
networks, effectively bypassing diffusion barriers [57]. Our hypothesis is that such mechanism
could also be in play (especially at high CNCs content domain) in FC, marked by the improvement

in hydration kinetics [57,97].

To support our hypothesis, we prepared control samples (only pulp fiber and CNCs) to
validate the information regarding the adherence of CNCs on pulp fiber. Interestingly, as shown
in the microscopic images (Figure 3.3(a-e)), CNCs were observed to form a layer of coating onto
the pulp fiber, when compared with a pristine pulp fiber surface (Figure 3.3(a-e)). Importantly,
the pore-filling effect of CNCs was distinctive as shown in (Figure 3.3(d,e)) and Figure B.4) where
they could form a network, perhaps aiding the transport of water from the cement pore solution
[209] and accelerating the cement hydration. Similar accelerating affects in cement hydration were
also observed with the addition of ligno and delignified CNFs in cement mortar where the high
surface area of CNFs enabled them to act as additional nucleation sites for hydration products to
develop [210]. We also note that surface functionality of CNCs improved the hydration of silicate

and aluminate in cementitious pastes, and the degree of influence was however dependent on the
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cement composition (Type I, II, V) [95] hence we are limiting our current study to only one type

of CNCs (sulfated CNCs in this case).

Figure 3.3 Representative SEM images of (a-b) pristine pulp fibers. (c-d) representing CNCs-pulp fiber control
samples (x =4 wt.%) (see experimental section for details). (c) depicts CNCs coating the pulp fiber. (d) CNCs
filling in the voids pr present in pulp fiber (marked by the arrow). (e) represents the magnified image of a single

strand of pulp fiber representing filled voids by CNCs (marked by the arrow).
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In contrast with CNCs, in the case of FC containing PCEs as an additive, specific heat of
hydration was decreased considerably with increasing PCEs content, accompanied by significant
delay in hydration, highlighted by the onset of silicate hydration peak (for e.g., 4 wt.% PCEs con-

tent, the onset of silicate reaction peak was not visible until 70 h) (see Figure 3.2(c,d)).

Indeed, retardation effect of PCEs on cement hydration is well documented in literature though
they improve cement pastes rheology, — PCEs molecules adsorb on the C3S cement particles sur-
face and block the reactive surfaces for dissolution.[211] However, the performance of PCEs based
polymers strongly dependent on their molecular structures (such as number of side chains, molec-
ular weight) [212,213]. Likewise, beyond conventional PCEs, similar retardation effects were also
shown by biobased additives, such as, calcium alginates, natural polysaccharides, which have
shown to cause retardation effects in calcium aluminate cements [214] and a CO;-storing retarder
(at 3 wt.%), 1.e., Chlorella algal biomass, which caused 812% delay in hydration of conventional

OPC [215].
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Figure 3.4 (a) Powder X-ray diffraction (PXRD) characterization of the FC as a function of the content of CNCs
(x =1 -4 wt.%). (b) Representative powder diffractograms of FC with 1 wt.% of CNCs and OPC. The color-
coded rectangular boxes on the right indicate the observed cement clinker phase (pink colored) and hydration product
phase (sky blue colored) respectively. Since bleached pulp fiber (contains hemicellulose) could increase the amor-
phous background, samples were sieved to maximize the opportunity for the observation of crystalline hydration
products (e.g., portlandite) in FC (CNCs, x = 1 — 4 wt. %). The PDF number related to the cement clinker phases and
cement hydration products are as follows: Alite (00-055-0738), Belite (00-033-0302), Gypsum (01-074-1905), Trical-
cium aluminate (01-074-7039), Brown millerite (01-074-3674), Silica (01-071-0261), Calcite (01-086-2334), Port-

landite (00-001-1079), Ettringite — (01-075-7554).

To this end, to confirm the speciation of the hydration reaction, powder X-ray diffraction
(PXRD) is the gold-standard for cement-based materials and composites. Figure 3.4(a) depicts the
representative x-ray diffractograms of the FC samples in presence of CNCs and compared with

tricalcium silicate (C3S; alite), which is one key component in cement clinker phase. As shown in
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(Figure 3.4(a)), powder diffraction patterns were similar, which was of no surprise since the mech-
anism of hydration is same while CNCs only affecting the kinetics (rate of hydration reaction).
Now, from a qualitative viewpoint, relative intensities between the diffraction peaks (i.e., at 17°)
were markedly different but quantitative assessment is challenging owing to the heterogeneous
nature of FC. Thus, to highlight the hydration product phase, we present the PXRD (Figure 3.4(b))

of one representative sample, that is, 1 wt.% CNCs and compared that with OPC.

Now, upon phase identification (based on ICSD database), formation of typical cement
hydration products was confirmed, such as, portlandite (CH), ettringite, and calcite [216,217]. It is
important to note that the amorphous phases are difficult to ascertain (no visible reflexes) via XRD
analysis and peak overlaps between different phases (e.g., C-S-H and ettringite) renders uncer-
tainty in phase identification of cement hydration products. Therefore, based on recent study by
Maddalena et. al., we tentatively assigned the reflection peaks at 167, 29°, 32" and 49° correspond-
ing to C-S-H [218]. In general, observation of ettringite supported the ITC results (Figure 3.2) and
although samples were kept inside of a sealed bag, calcite phase was pronounced overlapping with
the C-S-H peak at 29°. Also, portlandite and ettringite demonstrated strong reflections at 8" and
17°, which were absent in the raw OPC confirming the presence of these hydration products in the
FC. Finally, we note that by employing a model cement clinker component, like C3S or calcium
aluminosilicate (C-A-S), quantification (via Rietveld refinement) of the hydration product in pres-

ence of CNC:s is thus possible, which is currently underway in our group.

3.3.3 Mechanical characterization (three-point bending test)

It is important to note that in FC, mechanical interlocking (or anchorage) between the sur-

face of cellulose fiber and cement hydration products (see, Figure B.3) plays a significant role in
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bonding formation amongst these phases which contributes to the strength and toughness of the
FC composite [219-223]. Now it is imperative to investigate the effect of CNCs (as additive) on
the key mechanical properties (i.e., flexural strength) of FC to corroborate the findings from the

ITC investigation (see, Figure 3.2(a-b)).

Figure 3.5 illustrates the change in the calculated values of flexural strength/ MOR based
on the 3-point bending tests as a function of CNCs content and compared with PCEs. From (Fig-
ure 3.5(a)), it is observed that, at lower regime of CNCs content (0.02 wt.% — 0.6 wt.%), the MOR
was maintained without an appreciable change as compared to the control (without CNCs). Inter-
estingly, at higher regime of CNCs content (1 — 4 wt.%), MOR of the composite exhibited an
increasing trend and reached a maximum value of (8.56 MPa) at 4 wt.% of CNCs, (35.4 % increase
as compared to the control). Note that at 5 wt.% of CNCs, MOR dropped to 5.38 MPa (see Table
B.2). On the other hand, as shown in (Figure 3.5(b)), MOR also displayed dependency on the
content of PCEs, for instance at 2 wt.% of PCEs, there was an increase of 16.7 % (vs control) and

then it dropped.
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Figure 3.5 MOR values as a function of content (x) of (a) CNCs and (b) PCEs of the hardened pulp FC com-
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strength, i.e., at 0.8 vol% of CNCs, 58% increase in MOR was observed. To this end, it is worth
to mention that they employed flax and steel fibers (1 Vol%) whereas in this research only pulp
fibers (8 wt.%) were used as reinforcement [112]. Thus, overall, comparing the observed results
with the prior studies, we hypothesize that owing to the presence of (bleached) pulp fiber, it was
possible to increase the content of CNCs in FC, which lead to the enhancement in the mechanical

properties .

Furthermore, the balance between the content of pulp fiber and CNCs is a crucial since >
4 wt.%, mechanical strength of the composite gets reduced, pertinent to agglomeration of CNCs
which leads their poor dispersion in the composite. In other words, the aggregated CNCs could act
as stress concentrators — composites become more prone to fracture [95,97]. In contrast to CNCs,
the surface chemistries of PCEs are quite different, thus at > 2 wt.%, the decrease in MOR could

be due to the increased entrained or entrapped air in the cement paste/slurry [224].

Overall, CNCs are unique additive (in combination with pulp fiber) for reinforced cement
composite within the class of cellulose nanomaterials. While CNFs can also impart good mechan-
ical properties, the key difference with CNCs lies in the maximum allowable content in the com-
posite [225]. Note that CNFs can only be employed in low content (< 0.5 wt.%), [114,225-227]
at higher content regime (> 0.5 wt.%) agglomerated CNFs tend to induce localised stress concen-
tration points in FC, eventually leading to a reduction in flexural strength [225]. Therefore, the
combination of pulp fibers and CNCs can produce high strength FC by controlling the content of

CNCs, which could unravel new avenues in the quest of sustainable building materials.
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3.4 Conclusion

This study explored the use of CNCs as renewable, non-cementitious additives to improve
the performance and sustainability of fiber composites. The performance of CNCs was systemati-
cally benchmarked against PCEs to assess their viability for use in both structural and non struc-
tural building applications. The findings, categorized into fresh-state rheology, hydration kinetics,

and hardened mechanical performance are summarized as follows.

(1) Bulk rheological investigation revealed that CNCs significantly enhanced the shear thinning
behaviour of the FC slurries, particularly at high shear rates. This behaviour is attributed to
the high aspect ratio, colloidal stability and surface charge of CNCs, which facilitate aniso-
tropic alignment under shear and promote lubrication effects between cement particles and
fibers. CNCs likely act as a physical dispersant, improving particle distribution “and slurry

flowability without the need for synthetic plasticizers.

(2) Isothermal calorimetric studies demonstrated a concentration dependent effect of CNCs on
cement hydration. At lower dosages (< 2wt.%), CNCs exhibited a retardation effect, likely
due to steric hindrance and physical adsorption on cement particle surfaces, which may ob-
struct ion diffusion and slow the initiation of hydration reaction. In contrast, at higher CNCs
dosages (> 2wt.%), an acceleration in hydration kinetics was observed. This enhancement is
attributed to strong water-retention capacity of CNCs and their ability to mediate water
transport from cement pore solution to unhydrated cement particles. The physicochemical
characteristics of CNCs, including their high surface area, network forming ability, and the

presence of surface functional groups promote efficient water delivery into hydration front.
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This mechanism supports continuous hydration, particularly in dense cement matrices, lead-
ing to faster setting and early age strength development. Such dual behaviour allows CNCs
to be strategically utilized to optimize either the workability or the early strength of FC sys-
tems, depending on the dosage, particularly where rapid setting and early strength develop-

ment are desirable.

(3) Results from three point bending tests conducted on 28 day cured FC samples showed that
CNCGs significantly improved the mechanical performance. At 4 wt.% CNCs addition, the
MOR increased by up to 35.4% compared to the control. This enhancement is attributed to
the nanoscale reinforcement effect of CNCs, which can bridge microcracks, improve stress

transfer between fibers and matrix, and densify the microstructure.

Overall, CNCs demonstrated multifunctional capabilities a biobased additive for FC compo-
sites, offering improvements in workability, hydration kinetics and mechanical strength. These
improvements stem from the intrinsic physicochemical characteristics of CNCs, particularly their
nanoscale dimensions and their interactions with water , which promote enhanced dispersion, fi-
ber-matrix interaction, and crack bridging mechanisms. Given increasing environmental and reg-
ulatory guidelines to reduce ethe CO» footprint and synthetic polymer usage in construction ma-
terials., CNCs offer a promising path forward for developing sustainable, high — performance ce-

mentitious composites.
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Chapter 4: Sustainable microcellulosic additives for high-density FC: emphasis

on rheo-mechanical properties and C/P analysis

4.1 Introduction

The reduction of carbon dioxide (CO2) emissions from materials like cement is crucial to
mitigate global warming, as cement accounts for approximately 8% of global CO2 emissions. One
way to curb cement’s impact on climate change is to reduce its content in a range of building
materials, e.g., reinforced cement (FC). Importantly, this reduction could play a key role in achiev-
ing the UN SDGs, particularly, SDG 12, which focuses on ensuring responsible consumption and
production [228]. In this context, wood-derived pulp fibers (with or without lignin) have been
widely used in composite (non-structural) engineering [229]. However, their fabrication process
often suffers from poor slurry rheology and limited mechanical (flexural) strength of the resulting
composite. To overcome these challenges, petrochemical-based superplasticizers (used as rheol-
ogy modifiers), and siliceous materials as additives (fillers) have been employed to achieve favor-

able rheo-mechanical properties [230,231].

Although natural fibers have a range of physical attributes, i.e., high aspect ratio, these
mechanically strong fibers tend to exhibit poor dispersion in the cement slurry, resulting in incon-
sistencies that hinder efforts to increase fiber content in the composite. To a degree, it is resolved
through VMAss, also known as superplasticizers. These water-soluble admixtures, whether semi-
synthetic or fully synthetic, improve rheological behaviour while also affecting other processing
parameters such as hydration, setting time and final rheo-mechanical properties [72,232]. Over the
years, a wide variety of polymeric superplasticizers, such as PCEs have been developed. These

materials balance rheology, micro-mechanical performance, and enhanced hydraulic cement
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chemistry [233-235]. On the other hand, biobased superplasticizers — functionalized lignin [236],
starch sulphonate [237], methylcellulose [238] and algal biomass derivatives [214,215] have also
shown promise in improving the workability of (fiber) cement slurries. However, biopolymers/bi-
omass materials tend to retard cement hydration. For instance, polysaccharides such as starch are
well known for their set-retarding effects and are commonly used in ready-mix concrete applica-

tions [239].

Another key component in cement-composite design is silica-based additives (e.g., silica
sand, SF, and silica flour). These are ubiquitous in the building materials industry and can be tai-
lored to meet specific rheo-mechanical requirements [230,231]. However, due to growing health
and environmental concerns surrounding the use and production of crystalline silica-based addi-
tives [240], research into sustainable and user-friendly alternatives has gained momentum
[241,242]. Cellulosic microparticles have been explored for low-carbon structural building mate-
rials, such as microbially induced concrete, due to their abundance in natural plants and waste

biomass [242].

In our earlier work, we utilized nanocrystalline cellulose (CNCs) to fabricate FC without
any PCEs (superplasticizer) or silica-based additives. Interestingly, CNCs as the sole biobased
additive, were able to modify slurry rheology, accelerated hydration kinetics, and improve the
mechanical properties of the resulting composite [57,243]. However, at high concentrations (i.e.,
4 wt.%), CNCs led to poor workability. Additionally, the high raw material cost (~ USD 5900/t
[244]) imposes a significant barrier to commercial scale adoption. Therefore, identifying cost-ef-

fective natural additives that retain the material benefits of CNCs is essential [243]. To this end,
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polysaccharides present a promising class of biobased materials. Cellulose, the most abundant pol-
ysaccharide (accounting for 61.8% of all structural biobased polymers produced as of 2013 [245])
is particularly viable for meeting the volume and supply-chain demands of the construction indus-

try [246].

AC & MCC are among the promising candidates in the polysaccharide class of material,
as they offer techno-economic advantages compared to CNCs while rendering similar materials
chemistry. Prevalent sources of AC include wood (40-50 %) and cotton (90%), with extraction
typically involving alkaline and bleaching treatment. AC can also be extracted from agricultural
residues such as rice straw [247] and cocoa pod husk during the chemical pulping process [248].
On the other hand, to produce MCC, often AC extracted from wood/plant sources is often used as
a starting material. The purified cellulose is then subjected to a mild acid hydrolysis (e.g., 2 M
hydrochloric acid at 105 °C for 15 min), where the amorphous components in AC are selectively
hydrolyzed, resulting in the release of crystallites, which are then mechanically dispersed in solu-
tion before drying [249]. Regarding physicochemical features, both materials are chemically sim-
ilar, exhibiting comparable functional groups, but they are morphologically distinct. However,
subjecting the natural materials to chemical and physical treatments significantly affects the size
distribution and crystallinity of the processed cellulosic material. Thus, the key differences be-
tween the AC and MCC are size and the presence/absence of amorphous hemicellulose (non-crys-

talline, branched polymer with low molecular weight).

In the context of cement chemistries, the inherently high alkalinity of the cement-matrix
(with pore solution pH ranging from =~ 12 — 13 [250]) presents additional challenges for the chem-

ical stability of biopolymers. Consequently, crystalline cellulosic materials are considered more
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suitable than their amorphous cellulosic or lignocellulosic counterparts [33,251]. Upon surveying
the literature, a surprising lack of research on AC and MCC for low-carbon building materials
was observed. Notably, AC has yet to be reported as a rheology modifier or as a multifunctional
additive in reinforced cement composites. On the other hand, Hoyos et. al. evaluated the effect of
MCC on the hydration kinetics of cement paste [100], while Ferreira et al. reported a 15% reduc-
tion in setting time following MCC addition in cement and geopolymer systems (the latter being
inorganic polymeric material composed of three-dimensional aluminosilicate networks). Com-
pressive strength was also enhanced — by approximately 55% in the cement system and ~7% in
the geopolymer system. It was hypothesized that geopolymer matrix was more detrimental to MCC

than the cement matrix. [252]

Therefore, based on the identified research gap, we selected AC and MCC as additives to
develop high-density FC composites without relying on traditional superplasticizers or silica-
based (inert) fillers. By minimizing the physicochemical influence of conventional carbon-inten-
sive additives, we evaluated how these biomaterials influence the rheo-mechanical properties of
FC. The hypothesis is that morphologically distinct, crystalline microcellulosic additives can mod-

ulate the rheo-mechanical properties of FC through their inherent physicochemical characteristics.

In this research, two formulations were developed: one with AC (Combination 1) and the
other with MCC (Combination 2), both combined with NBSK. In each case, the relative propor-
tions (wt.%) of the microcellulosic additive (AC or MCC) to NBSK were systematically varied,
while keeping the total biobased content fixed at 12 wt.%. Unlike prior studies that primarily ex-
plored nano—macro scale cellulose combinations, this study investigates the underexplored micro—

macro scale synergy. It offers novel insights into how industrially accessible, morphologically
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distinct cellulose forms can be strategically integrated to tailor the rheo-mechanical performance

of FC.

Finally, we present performance metrics, including S/W and C/P analyses, to bridge the
gap between laboratory findings and commercially relevant benchmarks. We believe the research
presented in this work shall inspire stakeholders to accelerate the adoption of biomaterials in next-
generation cement admixture industries, which is crucial to improving the sustainability of the

construction industry.

4.2 Materials and methodology

4.2.1 Raw materials

Matrix material, the OPC, Type I was procured from Lafarge Canada. The reinforcing fi-
bers (i.e., NBSK) was obtained from Canfor, Canada. We gracefully acknowledge each provider
for their kind contribution. MCC (Avicel® PH-101) and AC were procured from Sigma Aldrich,
Canada. All these raw materials were used as received during composite fabrication. Reverse Os-
mosis (RO) water was used to mix the components to form FC slurry. The bulk physico-chemical
properties have been detailed in the supporting electronic document Table A.1-Table A.8) to con-

serve space in the main manuscript.
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4.2.2 Fabrication process of FC: matrix development and optimization of the content

limit for microcellulosic additives

Microcellulosic additives (AC and MCC) were premixed (duration: 2 minutes) with cement
prior to the mixing with the refined NBSK fibers (see, Table A.5 for refined fiber properties). The

rest of the steps are mentioned in our previous work [243].

The matrix (FC without additive) was developed first by varying only the reinforcing fiber
(NBSK) content (2 — 32 wt.%). We postulated that to develop FC high biomaterials content, the
first step is to establish the baseline with a wide range of fiber content (Table 4.1). In such a way,
we can optimize the formulation recipe with biobased binders, which is not limited to microcellu-
losic additives. However, high aspect ratio NBSK fibers in a cement matrix is challenging to dis-
perse if superplasticizers are not used. Therefore, the upper limit was experimentally set at 32 wt.%
by testing different wood-based pulp fibers. Based on the exploratory work, we observed that the
content of bleached and unbleached fiber (high aspect ratio) is possible to extend up to 32 wt.%
[33], exhibiting comparable mechanical properties, e.g., flexural strength. We want to note that

such a range might vary for natural fiber with different (i.e., low) aspect ratio.

Likewise, the high content of additives in a cement matrix also has detrimental effects, i.e.,
cracking. (Figure C.1) Thus, the maximum allowable content for MCC (additive 2) was 10 wt.%.
On the contrary, AC did not render cracking of the FC (withing the composition range). Thus,
owing to these limitations, FC with 12 wt.% of NBSK was chosen as the control, and the NBSK
to additive (AC/MCC) weight was varied systematically so that the total biomaterial content re-

mained at 12 wt.%. For example, if NBSK is 6 wt.% then additive is 6 wt.%. Such variation af-
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forded to observe the physical effect of microcellulosic additives on the rheo-mechanical proper-

ties of the FC. In terms terminology, combination 1 and 2 corresponded to AC, and MCC, respec-

tively with NBSK fibers. Compositional details with sample nomenclature are illustrated in Table

4.1.

Table 4.1 List of specimens and the corresponding composition. The sample nomenclature and composition

of all the FC slurry and cured samples were prepared for this study.

Sample ID Cellulosic (NBSK) fibers w/c Additive
(wt.% of cement) ratio (wt.% of ﬁement)
AC MCC
Without additive
NBSK 2% 2(8.4¢) 0.5 - -
NBSK 4% 4(16.8 g) 0.5 - -
NBSK 6% 6(252¢) 0.5 - -
NBSK 8% 8(33.62) 0.5 - -
NBSK 10% 10 (42 g) 0.5 - -
NBSK 12% 12 (50.4 g) 0.5 - -
(Control sample)
NBSK 16% 16 (67.2 g) 0.5 - -
NBSK 24% 24 (100.8 g) 0.5 - -
NBSK 32% 32(1344 g) 0.5 - -
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Combination 1: AC and NBSK

AC 2% 10 (50.4 g) 0.5 2(84¢9) -
AC 4% 8(33.6 ) 0.5 4(16.8 g) -
AC 6% 6(25.2 ¢) 0.5 6(252¢) -
AC 8% 4(16.8 g) 0.5 8(33.6 2) -
AC_10% 2(84¢) 0.5 10 (42 g) ;

Combination 2: MCC and NBSK

MCC 2% 10 (50.4 g) 0.5 - 2(84¢)
MCC_4% 8(33.6 g) 0.5 - 4(16.8 g)
MCC_6% 6(25.2 ¢) 0.5 - 6(25.2 )
MCC._8% 4(16.8 g) 0.5 - 8(33.6 )

4.2.3 Physicochemical characterization

4.2.3.1 Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-

FTIR)

ATR-FTIR spectra of AC/MCC additives were obtained using Bruker HCT Inventio ATR
— FTIR. The additives (used as received) were spread onto the ATR internal reflection element
(diamond crystal). The recorded spectral range was from 600 cm™ — 4000 cm™ (4 cm! resolution),

with an average of 32 scans per sample. For brevity, only the mid IR range (600 cm™ — 2000 cm™
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1Y was shown to highlight the functional groups present in the microcellulosic additives (AC and

MCC).

4.2.3.2 Raman spectroscopy

Raman spectra of the microcellulosic additives (AC and MCC) were recorded using a dis-
persive Raman spectrometer from Wasatch Photonics, USA (Model: WP 785). The specimen was
loaded on a hollow stainless-steel holder and surface was flattened with a spatula prior to the data

acquisition. The recorded spectral range was from 250 cm™ — 2000 cm™ (8 cm™ resolution).

The solid particle/fiber was illuminated with a 785 nm laser since cellulosic material can
exhibit autofluorescence under 532 nm excitation. Now, as the Raman scattering intensity will be
reduced under higher laser excitation, thus, high (100%) laser power was chosen to achieve best
S/N. To reduce the any-laser induced degradation, spectrum was collected at 0.5 ms exposure time.
Adaptive iterative penalty least square method (air-PLS) background method was applied on the

collected Raman spectra of the microcellulosic additives (AC and MCC).

4.2.4 Microstructural characterization

Microstructural characterization was performed using a SEM from Hitachi, Japan (model:
SU3500). Cellulosic (micro and nano) materials are intrinsically non-conductive. As such, they
were coated with a thin layer of Iridium (Ir) nanoparticles (ca. 12 nm) using a sputter coater[195]
from Leica Microsystems, Germany (model: EM MEDO020 coating system). The conductive coat-
ing suppresses the charging effect as well as beam-induced degradation, which is detrimental to

the fragile fibers and soft micro-particles.
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4.2.5 Particle/fiber size and shape characterization

Size and shape characterization of anisotropic particle and high aspect ratio fiber is inher-
ently challenging using traditional dynamic light scattering (DLS) technique. Though, a static light
scattering (SLS) would be more suitable, however, considering the application prospect of the
employed microcellulosic additives, a laser-diffraction based particle (and/or fiber) analyzer tech-

nique (solid-state) was adopted in this research.

The average particle diameter of the microcellulosic materials (AC/MCC) was measured
in using a dynamic image analyzer (DIA) from Sympatec GMBH, Germany (model: RODOS).
Approximately 1g of specimen was fed into a vibrating sample dispenser, which feeds the samples
into the DIA for imaging and size analysis. One of the key advantages of using DIA is it accounts

for the variation in the shape of the fiber and particle and is free of solvent-induced effects.

During experiment, the sample feed rate was kept constant at 20% (with a gap width of 2
mm) and the particles were dispersed using 1 bar pressure and a vacuum pressure of 14 mbar.
System configuration of 175 Hz and trigger condition was maintained at an optical concentration
range of Copt, start = = 0.02% to Coptend < 0.02%. The accelerated individual particles (open jet
aerosol) then pass through an image analyzer and then measured for their properties. The volume
means diameter (VMD), computed by the software using the equal area projection method (EQPC)

[253,254].

Shape descriptor of irregularly shaped particle computed by calculating its fractal dimen-
sions (Feret) and have a scale from (0—1). Note that ‘1’ means the geometry resembles closely to
a fixed shape descriptor (e.g., circle, sphere, and line) while closer to “0” indicates increase in the
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complexity of particle/fiber geometry. By default, the software in RODOS computes the fractal
dimensions and provides a (0—1) comparison, indicating how complex a geometry, the measured
particle/fiber possesses. For instance, aspect ratio*, which is calculated by computing the maxi-

mum and minim Feret dimension and dividing them.

4.2.6 Rheological characterization

Rheological characterization was performed using a rotational rheometer from Netzsch,
Germany (model: Malvern Kinexus ultra plus) with a vane-in-cup geometry (4 blades, 25 mm
diameter, depicted in Figure 4.2(a)). The rheological test plan was designed to understand the
flow properties, e.g., shear thinning and workability (estimation of the yield stress) of FC slurry.
The tests were performed at room temperature (25 £ 1 °C) and the results were repeatable within

+ 5%.

Note that all the FC slurries (with and without additive) were assessed to evaluate the spec-
imen at its dormant period, at an early age of 10 + 1 minute to ensure consistencies in data collec-
tion. This is a crucial factor since cement hydration reaction proceeds at the dormant period, and
cement starts to set (will harden eventually). Also, this would allow the normal force to reach zero

under a stress-free resting period [255].

The rheological experiments were performed under both oscillatory and rotational tests
(see, Figure 4.2(b,c)). The amplitude sweep experiments were conducted at a constant frequency
of 1 Hz, within the shear strain range of 0.01% to 1000% while the steady-state viscometry was

performed within the shear rates of (0.01 S'— 1000 S).
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4.2.7 Mechanical characterization

Mechanical characterization was performed using a Universal Testing Machine (UTM)
from Instron, USA (model: 5969 dual column testing system). Since FC is utilized as a non-struc-
tural building material, it is more prone to bending failure. Low thickness (i.e., 8 mm) and high
span length induce bending moments more than compression, which is mostly associated with
load-bearing applications The flexural strength of the air-cured FC composites was calculated
based on the 3-point bending test. Note that the testing parameters were chosen based on ASTM
C1185 method. Thus, flexural property-related metric, like MOR is considered for C/P evaluation

(detailed in results and discussion section).

In all cases (unless stated otherwise), fabricated composite (with and without additive) was
removed from the mold after 28 days of curing and then cut into rectangular blocks of size 19.5 x
4.5 x 0.8 cm before being fed into the UTM to collect load vs deflection curves and to calculate

MOR [256].

4.3 Results and discussion

4.3.1 Physicochemical characterization

Chemical functionality of the cellulosic additives employed for this research was probed
using complementary vibrational spectroscopic techniques, like ATR-FTIR and Raman. Figure
4.1(a,b) illustrates the chemical “fingerprint” of AC and MCC, which are identical. It was not
surprising as they bear similar functional groups, like hydroxy, and glycosidic ether bond (C—
O—~C). IR spectra confirmed presence of characteristic cellulosic bands, observed at 1025, and

1155 cm™! corresponding to C—C breathing mode, and C—O—C, respectively. In Raman spectra,
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symmetric and asymmetric stretching band of C—O—C were observed at 1096, and 1120 cm,
respectively. Furthermore, Raman spectrum shed more light on the crystalline structure (and ori-
entation) of the polymorphic cellulose, which could be ascribed to Cellulose I for both AC and
MCC, based on the stretching frequencies at 377, 1096, 1378, and 1475 cm™!, which was also
observed previously for Avicel I [257]. Thus, based on the chemical analysis using surface-sensi-

tive techniques, AC and MCC exhibit comparable features.

In terms of physical properties, i.e., morphology is a crucial aspect for composite’s me-
chanical performance, could vary for cellulosic materials. Figure 4.1(c,d) displays the variability
in morphology of microcellulosic additives employed in this study. Structurally, AC is long and
fibrous, retaining the morphology of natural pulp fibers, whereas MCC consists of short rod like
particles with a granular appearance due to the breakdown of amorphous regions during acid hy-
drolysis. To further investigate their size disparity, solid-state particle/fiber size and shape analysis
was performed as shown in Figure 4.1(c,d). Notably, AC displayed volume mean diameter (VMD)
of 134 um with bimodal distribution curve whereas for MCC, VMD was 64 pm and size distribu-

tion was monomodal.
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Figure 4.1 Solid-state physico-chemical characterization of microcellulosic additives (AC and MCC) using

vibrational spectroscopy and laser-diffraction based particle/fiber shape analysis. (a) ATR-FTIR spectra (b)

Raman spectra highlighting the major vibrational bands. Particle/fiber size distribution (LEFI) curves (c) AC
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and (d) MCC with inserted SEM micrographs (color coded to match color of the distribution profiles) (e) Illus-
tration of the DIA-enabled size distribution curve of AC with individual particle/fiber captured during the
measurement. Variation of shape descriptors (aspect ratio*, elongation, roundness) with particle size of (f) AC
(g) MCC. Note that the mentioned VMD corresponds to volume mean diameter. LEFI stands for length of fiber, and
elongation is the ratio of DIFI (diameter of the fiber) and LEFI. See, experimental section for details on the aspect

ratio* (range: 0—1) calculation method.

In terms of additive shape characteristics, Figure 4.1(f, g) indicates the variation in shape
descriptors (such as aspect ratio”, roundness, and elongation) with particle size. Key observations
from Figure 4.1(f, g) were, MCC is more granular in shape as opposed to AC (less spherical and
more elongated). Additionally, MCC exhibited uniformity (less variability in shape) whereas the

AC shape descriptors, i.e., aspect ratio vary drastically with particle size.

In-depth size and shape factor analysis is particularly critical when we analyse the flow
behaviour (rheology) and mechanical characterization of cement composites containing AC and
MCC as additives. Recent studies employed using fractal dimensions to compute various shape
descriptor of MCC samples to understand its flowability - with particle circularity or roundness

contributing to the maximum effect [258].

Therefore, these results suggest to us that the shape and size characteristics of AC and
MCC could play a crucial role in imparting specific properties [259] to the FC, discussed in the
coming sections. Additionally, the variation of particle shape with respect to particle size can pro-
vide valuable insights on the strengthening mechanism of biobased additives in cementitious com-

posite.
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4.3.2 Rheological characterization

Understanding the rheology of FC slurry is important — processing cost, interlink to the
ease in transportation and storage of the FC slurry. Among different rheological features of cement
pastes, the shear-thinning property (see Figure C.4 for more details) and yield stress are of great
importance not only for transportation purposes but also for formulation, and processing.[260] The
former quantitatively explains the decrease in viscosity of the slurry upon agitation and the latter

elucidates the integrity of the slurry at rest.

During the FC manufacturing (i.e., Hatschek process) [229], after mixing, the FC slurry is
transported to the processing line where it will undergo various steps. Yield stress (stress that must
be applied to initiate flow) is particularly important when it comes to processing flexibility such
as the workability of cement/FC slurry — optimum yield stress ensures workability [261], segrega-
tion resistance (a non-homogeneous mix affecting the mechanical strength), bleeding resistance
[262] (free water that comes out from the slurry during consolidation), setting time [260] and con-

solidation (formwork stability) of the cement pastes [263].

Figure 4.2 illustrates the evolution of yield stress as a function of the content of the micro-
cellulosic additive (AC and MCC). There exists a wide range of methods for calculating yield
stress in literature such as creep, cross-over of amplitude sweep, stress ramp, and frequency sweep
[203]. Here, we calculated the “yield point” via two different methodologies (vide infra) known as
cross-over of amplitude sweep moduli [264] and curve-fitting on the steady-state viscometry re-
sults [265]. As presented in Figure 4.2(b), using amplitude sweep results, the transition point from
a viscoelastic solid (G’ > G”) to a liquid-like state (G” > G’) may be used as a direct method to

measure the “yield point”. On the other hand, by fitting the Herschel-Bulkley model on the steady
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viscometry results, one may indirectly estimate the yield point as shown in Figure 4.2(c). This

rheological model can be described as follows:

T=1y,,+tmy"" (1)

where, 7 is the shear stress, 7,, . is yield stress, m is consistency coefficient, y is the shear rate

and n represent the flow index [266].

As observed in Figure 4.2(d,f), irrespective of the methods, the “yield point” follows the
same trend as a function of the content of the cellulose-based additives (AC and MCC). Note that,
the yield stress measured by the cross-over method is higher than the one measured by curve-
fitting. The difference between the two yield points has been previously reported in the case of
other slurries and suspensions. For some fluids, the cross-over of the amplitude sweep is beyond
the true “yield point” of the system, introducing a larger magnitude of yield stress [264]. On the
other hand, there exist some discrepancies in measuring the “yield point” using curve-fitting — its
magnitude is highly dependent on the range of data points and the quality of data acquisition under

low shear rates [267].
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Figure 4.2 Rheological characterization of FC slurry. (a) The cup and 4 vanes rheometer geometry. Methods
of computing yield stress using (b) direct method — strain amplitude sweep, and (c) indirect method — steady
state viscometry (Herschel-Bulkley model). Reinforcing (NBSK) fiber/additive content dependent yield stress
of FC slurry without additive, (d) NBSK; with microcellulosic additive, (¢) AC (combination 1: AC and NBSK),

and (f) MCC (combination 2: MCC and NBSK).

Figure 4.2(d) represents the yield stress trend of cement paste (without additive) contain-
ing varying amounts of NBSK. Notably, with increment of the NBSK content, yield stress exhib-
ited increasing trend and was maintained up to 8 wt.% after which yield stress increases drastically
— it reached a maximum 65 Pa at 12 wt.% of NBSK. Such observations are common in the rhe-
ology of pulp fiber suspensions. Note that the high aspect ratio pulp fibers tend to undergo bridging

and interlocking effects and have high Van der Waals forces of attraction between fibers [268].
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Thus, it creates resistance to the flow of any suspension including cement paste and thereby in-
crease the yield stress [269]. Also, long fibers increase the fiber cohesion,[268] which can be a
contributing factor to the aggregated state of the cement particles — yield stress increases [269—
271]. Moreover, high content of pulp fibers will inadvertently result in less spacing between the
fibers within the cement matrix, thereby resulting in a possible hinging/ bending effect between
fibers — yield stress increases [198,270,271]. To summarize, yield stress strongly depends in the
content of the reinforcing (NBSK in this case) fibers, and since no conventional superplasticizer
was employed, to understand the effect of microcellulosic additives, maximum NBSK content was
set at 12 wt.% for the rheological (also for mechanical, explained in the respective section) char-
acterization. Also, it affords to benchmark performance metrics of the FC with nanocellulsoic ad-

ditives [243].

Figure 4.2(e) illustrates the trends in yield stress variation of FC slurry as a function AC
content (2—-10 wt.%) while keeping the total biomaterials content fixed at 12 wt.%. From absolute
point of view, yield stress was low for all the combinations of AC and NBSK (binary materials)
as opposed to NBSK (unary biomaterial). But it is interesting to note that it was varied within a
narrow range (3045 Pa) with a maximum of 45 Pa at 6 wt.% AC content. Such a trend could be
attributed to the stabilizing agent role of AC, which can improve dispersion, resulting a uniform
mix of the components in the FC slurry. Also, due to the lower crystallinity than MCC (see, Figure
C.3 & Table C.2), AC affords better water retention. Note that AC is typically used as a stabilizing
agent in pharmaceutical applications wherein they facilitate control release of water/moisture with
time [272]. This could perhaps mean that the increase in yield stress due to the presence of pulp

fibers can be negated by the control addition of AC into the mixture, thereby keeping the yield
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stress values at usable regimes preventing a rapid increase of yield stress and viscosity. Also as
observed from Figure 4.1(c,e,f), AC consists of a short fiber-like morphology (elongated and less
spherical in shape) and so the fiber cohesion between them tends to be minimal compared with
macro pulp fibers (high Van der Waals attraction). As a result, the mix consisting of fibers and AC
is less prone to getting entangled, resulting in an improved dispersion, and contributing to the

reduction in yield stress.

Finally, as displayed in Figure 4.2(f), yield stress was steadily increased for FC slurry with
MCC (content: 2—-10 wt.%), maximum yield stress of 64 Pa was observed at 8 wt.% of MCC.
These results were consistent with the results obtained from the studies conducted by Cao et al.,
wherein they found that for a fixed w/c of 0.35, the incorporation of CNCs in cement paste in-
creased the yield stress from 15 Pa (at 0.04 vol%) to 600 Pa at 0.15 vol.% of CNCs concentration
[57]. They have hypothesized it was due to the agglomeration effect of CNCs in fresh cement paste
pore solution [57]. We believe that such a mechanism may play a pivotal role in increasing the
yield stress in the case of MCC (combination 2 in this study) despite not being nanoscale cellulosic
materials. However, MCC has similar physicochemical properties, like, hydrophilicity, crystallin-

ity and narrow particle size distribution as opposed to AC.

Overall, it can be inferred from the rheological studies that, AC and NBSK (combination
1) is more effective than MCC and NBSK (combination 2) in reducing the yield stress (improving

the workability) of the FC slurry as compared to MCC.
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4.3.3 Mechanical characterization

The strength of a FC composite is crucial as it dictates the feasibility in terms of design,
performance, durability, and quality for a particular building materials application, i.e., external

cladding/facade materials.

As such, they are more prone to bending (flexural) failure as compared to compression
failure (associated with load-bearing components). Factors such as wind loadings, thermal expan-
sion (freeze-thaw), and moisture absorption (wet/dry cycles), to name a few, significantly contrib-
ute to flexural loadings when FC is draped around a building structure [273]. Hence, cement, which
is inherently brittle, is reinforced via high-aspect ratio fibers to improve its ductile by promoting
strain hardening [33]. The incorporation of microcellulosic biomaterials (as additives) can further

alter this behaviour depending upon the type, nature, and concentration.

From Figure 4.3(a), as the reinforcement content increases (8 — 32%), a decrease in peak
strength with an increase in strain hardening behaviour was observed. Pulp fibers enhance the
strain-hardening and load transfer ability of cement composites by forming networks that bridge
the crack during deformation/failure. However, exceeding a feasible limit can cause weak points
within the composite itself, resulting in agglomeration (dispersion challenges) and eventually lead-
ing to the failure of the composite. Therefore, based on this observation and being cognizant about
the processing challenges without the conventional superplasticizer, the upper limit of the NBSK
was 32 wt.%. However, to be consistent with the rheological characterization, we chose 12 wt.%

as the limit for total biomaterials (binary components) content for mechanical tests (vide infra).
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Now, Figure 4.3(b,c) depicts the flexural stress-strain behaviour of FC with microcellulo-
sic additives, which are AC (combination 1) and MCC (combination 2), respectively. Interestingly,
strain-hardening region and ductility is indeed highest for the control FC (without additive), not
surprising as it has the maximum reinforcement. This could be primarily due to the different rein-
forcing mechanism in presence of additives (AC/MCC), will be discussed in the subsequent sec-
tion. In Figure 4.3(b,e), with the addition of AC (2—4 wt.%), the ductility and strain hardening

region decreased, although the peak strength was improved.

At low content, AC functioned as an inert filler (see, Figure 4.3(b,e) & Figure 4.1(c,e,f)),
which densifies the composite, while it reduces strain-hardening but improves the peak strength.
On the other hand, at higher AC content (i.e., 6—8wt.%), an improvement was observed with both

peak strengths as well as the strain-hardening behaviour.

This could be due to the fibrous nature and larger size of AC (see, Figure 4.1(c,e,f) and
Figure 4.3(b,e)), which in combination with NBSK fibers can form network structures (this could
be fiber-matrix interlocking network (mechanical interlock) or microfibrillar networks formed be-
tween cellulose fibers (chemical interlock), thereby improving the reinforcing ability (by bridging
cracks and resisting deformation under load) which makes the composite more ductile. Note that
a maximum MOR of 7.9 MPa is observed at 6 wt.% of AC in high-density FC. This originates
from the combination of macro-micro reinforcement (combination 1: AC and NBSK) mechanism

as evidenced previously for (CNCs and NBSK) combination [243].
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Figure 4.3 Mechanical characterization of the FC. Representative flexural stress-strain curves (a-c) and MOR
bar charts (d-f) of cured (28 days) composites. Reinforcing (NBSK) fiber/additive content dependent stress-
strain curves and MOR charts of FC slurry without additive, (a, d) NBSK with microcellulosic additive, (b,e)
AC (combination 1: AC and NBSK), and (c, f) MCC (combination 2:MCC and NBSK). The “control sample”
refers to a FC specimen without any additive ca. 12 wt.% NBSK fibers. FC with microcellulosic additives (AC and

MCC), the fiber-to-additive content is varied in such way that the total biobased content kept at 12 wt.%.

Based on the MOR data (Figure 4.3(d-f)), it is our speculation that presence of sufficient
amount of cellulosic additive (i.e., > 4 wt.% for AC) has an important role to play in maximizing
the flexural strength, which would be governed by its morphology and size. In particularly for FC
with AC, potential longer cracks are mitigated by the bridging effect of the high aspect-ratio NBSK
fibers. Besides, AC can suppress the micro-scale cracks by bridging the micro-cracks. However,
upon exceeding the limit, which is 10 wt.% in this case, MOR was decreased due to stress concen-

tration within the span of the composite, compromising its flexibility [57]. However, we note that
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the sufficient content of a particular additive will vary if any of the parameter in the formulation
changes, hence, at this juncture, we believe there is still scope for new ideas (and evidence) to
further understand the failure mechanism of microcellulosic additives, which is beyond the scope

of this study.

FC with MCC exhibited brittle fracture (irrespective of content) as opposed to AC, with an
increase in the peak strength and MOR. Smaller size and uniform shape characteristics of MCC
(see, Figure 4.1(d, g) & Figure C.2) densifies the cement matrix by filling micro/nano scale voids
present in the matrix. Hence, the composite becomes brittle. Figure 4.3(f) also illustrates MCC
content dependent variation in the MOR. At first, it increased from 6.3MPa to 6.5 MPa (2—4wt.%
of MCC) while exhibiting a sudden increase from 6.5 MPa to 8.3 MPa, then stabilized at 8.4 MPa

(6-8 wt.% of MCC).

These results were similar to the results observed in recent studies with the addition of
MCC on the strength of the geopolymer-OPC hybrid system [252]. The study revealed that the
addition of MCC improved the 7-day strength, after which it was dropped due to the chemical
degradation of MCC [252]. Likewise, in a study conducted by Souza et al., a combination of CNFs

/MCC resulted in increasing the MOR (70 % increase at 0.075 wt.%) of the composite [274].

The mechanism of strength development in MCC (hydrophilic) could be also due to im-
proved hydration (see Figure C.5 for hydration product characterization). Prior studies with CNCs
have shown such improvement in hydration, contributing to improved flexural strength of cement
composites [57,243]. Their affinity towards water enables them to channel water from hydrated
(pore solution) to unhydrated regions during cement hydration [57,243]. As such, the mechanism

was termed as short circuit diffusion (SCD) [57].
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Moreover, the observed consolidation of MOR values at 6 — 8 wt.% of MCC content as
shown in Figure 4.3(f) is quite interesting. The reason could be that the effective MCC content
that encounters cement particles, which modifies cement properties may have saturated at 6 wt.%
of MCC content. Further addition of MCC to 8 wt.% might just function as excess MCC in the
cement matrix, which increases the yield stress as observed in Figure 4.2(f) but with no further
improvement in MOR. It is crucial to mention that increasing MCC content above 8 wt.%, the
sample cracked during curing, which could be due to the increased water demand, poor workabil-
ity, and drying shrinkage effect, to name a few (see, Figure C.1). This tells us that we do not need

to employ an exceedingly high content of MCC to obtain improved mechanical properties.

We also compared our current results with our past work [243], were in we benchmarked
our results with FC with CNCs [243] and a commercially available PCEs superplasticiser (see,
Table C.1 for details) [243]. Comparison of our current results with FC with PCEs, illuminated
the beneficial role of microcellulosic additives on the mechanical performance (MOR) of FC.
Thereby, once again iterating the potential of this low-cost cellulose based additives in replacing

conventionally employed petrochemical based additives in cement/construction industry.
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4.3.3.1 S/W analysis
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Figure 4.4 S/W ratio analysis of FC with microcellulosic additive (AC and MCC). (a) Combination 1 (AC and
NBSK), (b) combination 2 (MCC and NBSK). Note that the ratio here refers to the mean MOR values (in MPa)
obtained from the three-point bending test (vide supra) to the weight (g) of the specimen used for the mechan-
ical characterization (Figure 4.3). At MCC content of 10 wt.%, the specimen cracked before curing (see, Figure

C.1).

In Figure 4.4(a,b), the addition of both AC/MCC in varied proportions with NBSK im-
proved the strength-to-weight ratio of the FC. However, despite an increase in MOR observed with
FC samples containing MCC (versus combination 2), the strength-to-weight ratio was within the
same range (0.09-0.12) for FC samples containing both additives. This tells us that the addition of
AC reduced the weight of the FC composites whereas the weight of the composite increased with
the addition of MCC. This can be attributed to the morphological difference between MCC and
AC (Figure 4.1(c-f) & Figure C.2) resulting in high packing density [275]. These results are en-

couraging from an application standpoint, where in high strength-to-weight ratio, plays a pivotal
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role in various industries, e.g., construction [276] (promotes ease of handling of high-rise build-
ings, aerospace/automobile [277] (increased payload capacity) and also in specialized applications
in challenging environments like offshore marine/construction works, where buoyancy is an im-

portant factor [278].

4.3.4 C/P analysis

Cost is one of the most important parameters that dictates the viability of commercializa-
tion at the industrial scale. Especially when it comes to the construction industry, the price of raw
materials should be as low as possible, and scalability is a crucial aspect in raw material production
process. Considering these prospects, we leveraged the findings of this study to conduct a simple
cost/performance (C/P) analysis to deem which cellulose-based fiber/additive combination would

be the most efficient, in terms of cost/performance (vide infra).

100



Cost (USD) _ -
Without additive
0.25+ —a— NBSK: 12 wt.%

$ 0.20| " With additive*
I v 4 AC: 6 wt.%
’g‘ QO Cost (USD): AC < MCC << CNC

MCC: 6 wt.%
-¥- CNC: 4 wt.%

O} 0 MOR (MPa): AC < MCC = CNC

*Total biobased content: 12 wt.%

O Yield stress (MPa): AC << MCC <CNC

MOR (MPa) Yield stress (MPa)

Figure 4.5 C/P analysis of FC with microcellulosic additives (AC and MCC). Spider chart depicting the C/P
(performance corresponds to yield stress and MOR). Note that the cost here refers to the total reinforcement/addi-
tive cost — does not include the cost of other raw material and processing. In the Appendix, Table C. 3—Table C.4)

has detailed background information.

Note that the raw material cost (Table C.4) is adapted from previous in-depth techno-eco-
nomic analysis conducted to ascertain their cost of production. To simplify the analysis, we have
chosen samples from both combinations (1 and 2) that exhibited the best mechanical properties
(Figure 4.3(e) & Figure 4.3(f)) and drawn a comparison with the control sample. To obtain a
broader perspective, we considered the findings from our previous work on FC with the combina-
tion of CNCs and NBSK [243]. Now, to compare, we calculated the yield stress of the sample
containing CNCs based on the strain amplitude method mentioned in the experimental section as

well (see, Table C.1).

As shown in Figure 4.5, by supplementing the NBSK fibers in proportions with other crys-

talline cellulose-based additives the total cost of the reinforcement/additive in the system can be
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reduced (40% cost reduction) with an increase in MOR by 34% when combination 1 is incorpo-
rated (vs control sample). On the other hand, in the case of combination 2 (MCC and NBSK), both
cost (20%) and MOR (45%) increases (vs control). This means that the rise in the cost for adding
MCC is possible to compensate by the improved mechanical performance in addition to its role in
modifying the rheology of the FC slurry. The incorporation of both AC and MCC reduced the

yield stress of the FC slurry (with a maximum reduction of 30% and 1.5%, respectively vs control).

With regards to CNCs-NBSK combination (previous research) [243], demonstrated a max-
imum increase in MOR by 46% (vs control), whereas the yield stress increased by 17% (vs con-
trol). However, the downside to CNCs is its cost of production; [244] though AC is majorly found
in wood pulp [279], it can be extracted from inexpensive biomass sources, €.g., cotton [280] ren-
dering its economic value proposition for mass production. Note that MCC could be derived from
AC using mild acid hydrolysis [281] as mentioned in earlier sections. We also note that the maxi-
mum MOR values from Figure 4.3(d-f) suggest that there isn’t a significant difference between
the flexural strength of the FC when either CNCs or microcellulosic biomaterials (AC/MCC) is
employed, suggesting that, even by incorporating cost-efficient additives, desirable mechanical

properties is possible to achieve.

Finally, Figure 4.5 summarises the comparison of the C/P of FC samples (based on our
current study) using a spider chart. Ideally, the best C/P samples would exhibit low cost and high
strength with optimum yield stress. High yield stress would mean that more energy (adds to the
processing cost) would require to mix/pump the FC slurry. Therefore, based on these considera-
tions, we infer from Figure 4.5 that, combination 1 (AC and NBSK) exhibited the best C/P prop-

osition, followed by combination 2 (MCC and NBSK) and CNCs-NBSK combination. Thus, this
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analysis iterates the tremendous possibilities of employing additives from biomass sources (i.e.,
polysaccharides-based) to develop cost-efficient, lightweight, and high-density FC for a sustaina-

ble future.

4.4 Conclusion

Owing to the current environmental concerns, the exploration of renewable biomaterials is
indeed crucial while maintaining low without sacrificing performance. In this research, we have
explored the paradigms of microcellulosic biomaterials as additives and their influence on the
rheo-mechanical properties of FC in which traditional materials of choice are either carbon-inten-

sive or carcinogenic.

The key findings of this research listed as below:

e Rheological characterization revealed that the incorporation of both additive combination (1
and 2) led to a reduction in yield stress of the FC slurry. The maximum reduction (30%) was
observed for combination 1(AC and NBSK), while combination 2 (MCC and NBSK),
showed a marginal decrease (1.5%). These differences were attributed to additives physico-
chemical and morphological features (e.g., particle shape and size), which modulate slurry
flow behaviour by tuning water mobility and interparticle interactions.

e Mechanical characterization indicated a substantial improvement upon incorporating micro-
cellulosic additives. Combination 1 yielded a 34% increase in flexural strength relative to
the control, while combination 2 led to a 42% increase . In addition, AC enhanced ductility
and post-cracking toughness, in contrast to MCC, which induced brittleness in the compo-
site. This divergence is hypothesized to result from the larger, more microfibrillar structure
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of AC, which may promote stronger fiber matrix bonding and facilitate more efficient load
transfer, compared to smaller, more crystalline MCC.

e A correlation analysis revealed that both yield stress and MOR were independent of AC
content, while both increased proportionally with higher MCC content. This finding under-
scores the need to consider not only additive type but also their content specific influence on
the composite performance.

¢ Cost-to-performance evaluation showed that combination 1 achieved a 40% cost reduction
while delivering a 34% improvement in flexural strength. Moreover, S/W analysis indicated
that AC based systems could be employed to develop lightweight, high performance com-

posites — potentially superior to those containing MCC,CNCs, or no additive.

Overall, this work demonstrates the feasibility of employing microcellulosic additives as
sustainable cost-efficient modifiers for FC systems. Their ability to enhance both fresh-state rhe-
ology and hardened -state mechanical properties, while reducing material costs, offers a promising
pathway for developing low carbon, bio-enhanced cementitious composites. These findings con-
tribute to the broader goal of creating environmentally benign yet functional construction materials

in alignment with UN SDGs.
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Chapter 5: Engineering low-carbon FC with BC: understanding its physico-
chemical properties and their impact on the composite performance and car-

bon footprint.
5.1 Introduction

Low-carbon building materials are essential in lowering the carbon footprint of construc-
tion industries, which predominantly use OPC. FC manufacturing utilizes natural fiber, e.g., wood-
derived pulp fiber, and is mixed with OPC, various silica-based fillers, and a plasticizer prior to
air or autoclave curing. Thus, recent research on high-density FC, silica-based fillers and petro-
chemical-derived plasticizers has been replaced with CNCs [243], and micro cellulosic additives
[282]. However, these cellulosic additives have limited carbon sequestration potential owing to
their lower filler content (in wt.%). While new cement manufacturing or matrix modification meth-
ods are being developed [283-285], OPC still dominates global cement production. Substituting
OPC with a low-carbon biobased/biogenic material is an excellent material design strategy to re-
duce current generation of OPC, which contributes to ~8% of global CO2 emissions under the UN

SDGs (especially SDG 11) [286].

As abiogenic material, BC has garnered interest for various applications, one such example
being the development of “eco-friendly” structural building materials [128]. BC is a carbon rich
solid-waste, produced during biomass-bioenergy generation process via controlled pyrolysis
(300—700 °C, with little or no oxygen) [130]. Its amorphous carbon structure renders low ratio of
H/C (hydrogen to carbon) and O/C (oxygen to carbon), which is also observed for soot and carbon
black [131]. Overall, the chemical composition and morphology of biomass depend on the biomass

type and pyrolysis process parameters [134]. Nonetheless, as a carbon sequestering material, it

105



offers a pathway to remove CO> permanently from the atmosphere as it stores carbon in a stable
chemical form. In other words, buildings made with BC become a permanent sink for carbon. For
instance, it is estimated that the use of BC technology can eliminate up to about 1.7 — 3.7 PgCO2-
eq of CO; [136] from the atmosphere — which iterates the immense possibility of utilizing BC in

various applications to mitigate climate change.

In the case of FC, the materials chemistry of BC (particles size, chemical composition and
pH) can play a crucial beyond green chemistry, such as improving hydration kinetics and modi-
fying the rheo-mechanical properties. To date, the majority of BC applications as SCMs have fo-
cused on cement mortar and ultra-high-performance concrete. One of the noticeable effects of
using BC as SCMs is that organic residues in biomass are converted into amorphous carbon (low
H/C and O/C), which can delay cement hydration. This retardation extends handling time of the
FC slurry and helps maintain workability, both of which are critical for achieving optimal mechan-

ical performance in the final composite.

In a recent report from Roychand et al., it was found that BC from spent coffee grounds
improved the compatibility between the cement matrix and the biogenic SCMs [127]. Dixit et al.
explored the particle size effect of BC and examined its dual roles, acting as an internal curing
agent and SCMs [137]. Note that manually ground BC was first presoaked in water prior to com-
posite fabrication. Notably, at 5wt.% of finer (< 250 pm) BC particles, cement hydration was ac-
celerated, and higher heat release was observed compared to coarser (>250 pm) ones. It was spec-
ulated that finer BC particles could adhere to the positively charged clinker phases owing to higher
surface area, creating more nucleation points and thereby accelerating hydration. Furthermore,

Gupta et al. [138] reported the particle size of BC plays a pivotal role in tuning the rheology (i.e.,
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static yield stress) of cement paste using a ball milling (BM) method [138]. Interestingly, coarser
BC particles (avg. particles size =45 — 50 um & 2 vol.% addition) increased the static yield stress

by 1.8 — 2.7 times compared with BM (avg. particles size: 10 — 18 um).

In two separate studies by Choi ef al. [139] and Gupta et al. [140], incorporation of BC at
5 wt.% (biomass sources: switchgrass, curing 28 days), and 2 vol.% (biomass sources: locally
collected sawdust, curing: 7 days), resulted in compressive strength improvements of 10% and
40%, respectively. However, for non-structural application, Restuccia and Ferro [141] reported
that at 0.8 wt.%, flexural strength of the cement mortar (curing: 28 days) increased by 30% [141].
Similar results were obtained by Kushmood et al., at 0.2 & 0.080 wt.%, flexural strength (curing:
28 days) improved by 83% and 80%, respectively [142]. Regarding durability, Sirico et al. [128]
evaluated the effect of wood waste derived BC on wet/dry strength of concrete — 5 wt.% addition

contributed to 30% increase in compressive strength.

Although previous studies demonstrate the influence of BC on cement hydration, the un-
derlying mechanisms remain poorly understood and require further investigation. Given BC’s in-
herently heterogeneous morphology, understanding its particle size and shape is critical to inter-
preting its behaviour in cementitious matrices. Particle size affects surface area, dispersion, and
the potential for filler or pozzolanic effects — factors that are especially important when BC is
combined with other components such as reinforcing fibers in the cement matrix. Without ade-
quate characterization of particle size and morphology, it becomes difficult to establish reliable
structure—property relationships or optimize performance. While BC addition generally does not
compromise mechanical performance, regardless of the biomass source, existing reports have not

examined its role in fiber-reinforced systems.
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In this research, we have utilized BC as a cement supplement to engineer low-carbon FC.
It is hypothesized that BC, due to its porous structure and surface chemistry, can act as both a filler
and a chemically active component in FC — enhancing workability, refining pore structure, and
reducing the cement content, thereby lowering the GWP while maintaining or improving mechan-
ical performance. Furthermore, to the best of our knowledge, this work is the first to integrate BC
into cellulose pulp reinforced FC, establishing a fully biobased system wherein both the reinforce-
ment and the binder modifier are derived from renewable biomass sources. A planetary ball milling
method is employed to homogenize BC particle size. BC composition and FC performance are
systematically evaluated through complementary techniques, including DIA to capture BC's het-
erogeneous morphology and rheo-mechanical characterization to assess composite behaviour. We
believe this study will advance new avenues in “eco-friendly” building materials development for

the low-carbon society, a key driver to reach our SDGs by 2050.

5.2 Material, fabrication and characterization methods

5.2.1 Raw materials

The cement (OPC, Type I) used for this research was procured from Lafarge, Canada, and
was used as received. NBSK fibers employed for this research was procured from Canfor (Prince
George Paper Mills), Canada. BC was procured from BC, Biocarbon, Canada (brand name: “Black
Bear BC”, (< 2mm) derived from wood forest residues). Unless otherwise specified, reverse os-
mosis (RO) water was used for this research. The pulp fibers and BC were subjected to prepro-
cessing steps, which are mentioned in the fabrication section below. The composition and physical
properties of the raw materials employed for this research are described in Table A.1Table A.2,

Table A. 9, Table A.11).
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5.2.2 Fabrication of FC

The first step in FC manufacturing involved refining the pulp fibers to induce fibrillation,
which is critical for enhanced fiber-fiber bonding and to promote efficient load transfer. For this,
24 grams of oven dried NBSK were first soaked in 2 liters of deionised (DI) water (overnight,
approximately 12 hours). The soaked pulp was then subjected to disintegration, followed by vac-
uum filtration to remove excess water. The filtered fibers at 10% consistency were then fed into
NORAM PFI mill (Model : PPCT1008) and refined for 4500 revolutions of the PFI mill. The
refining protocol mentioned was adopted from prior literature studies [287]. Note that for all sam-
ples prepared for this study, the refined NBSK fiber content was fixed at 8wt.%, serving as a

baseline to systematically evaluate the influence of varying BC content on the FC performance.

BC, which is inherently heterogeneous (particle size, chemical composition, etc.), was sub-
jected to a mechano-chemical process. A planetary ball milling device (PM 400, Retsch, Germany)
was used utilizing the stainless-steel ball (bearing size: 6.35 mm in diameter, balls/powder ratio —
20:1) for 45 minutes. The ball milled (BM) BC (labeled as BC_BM, see Table 5.1 for sample
composition) was premixed with cement; NBSK fiber was then added to the mixing bowl under a
constant water/binder ratio of 0.5. As a benchtop small-scale mixer, a kitchen-grade Techwood
6QT (power output: 800W) was used, operating at 600 rpm for 6 minutes. The mixing process was
carried out at intermittent intervals (i.e., 2 minutes), It is an important step since scraping the ce-
ment pastes that adhere to the side and bottom of the mixing bowl, and these breaks ensure the

mix is as homogeneous as possible (see Figure D.1, for detailed FC fabrication steps).

After the mixing process, the resulting FC slurry was transferred into a metallic mold of

dimension (30 x 20 x 0.8 cm) and placed on a vibrating microplate shaker (from Thermo Fisher,
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Canada) for 15 mins at 300 rpm for compaction. After compaction, the FC samples were air-cured

for 28 days (demolded after 7 days and the samples were placed in a plastic bag). All the sample

preparations were carried out at a temperature of 23+2 °C and at a relative humidity of 50+4 °C.

For rheological characterization, slurry state samples were utilized and for mechanical, and micro-

structural characterization, hardened state samples were utilized. The sample composition is illus-

trated in Table 5.1.

Table 5.1 List of fabricated FC tested to evaluate the rheo-mechanical properties. The sample nomenclature

follows the format BC BM-x, which corresponds to FC containing ball milled BC in varied proportions (i.e., ‘X’

wt.%). Note all samples contain 8 wt.% of refined NBSK fiber in them and only the binder content (i.e., cement/BC)

is varied proportionally). Additionally, the FC constituents is also tabulated in (vol.%) and is used throughout the

manuscript were applicable.

sample ID Binder NBSK fiber Water
Cement BC

wt.% vol.% wt.% vol.% wt.% vol.% | w/b | vol.%

BC BM-0 100 (420 g) 53.38 000g 0 8(33.62) 8.18 0.5 38.44
(Control)

BC BM-2 | 98 (411.6 g) 49 .44 2(84¢) 6.51 8(33.6 g 7.73 0.5 36.32
BC BM-4 | 96 (403.2 g) 4590 4(16.8g) | 12.35 8(33.6 2 7.32 0.5 3443
BC BM-6 | 94 (394.8 g) 42.71 6(252¢g) | 17.61 8(33.6 g 6.96 0.5 32.72
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BC BM-8 | 92(386.4¢g) | 39.83 | 8(33.6g) | 2237 | 8(33.6g) | 663 | 0.5 | 31.17

BC BM-10 | 90(378g) | 3721 | 10(42g) | 26.70 | 8(33.6g) | 633 | 0.5 | 29.77

From Table 5.1, it may be noted that the total binder mass (i.e. cement + BC) was held
constants for all samples prepared for this study. The individual proportions of cement and BC
was systematically varied for each sample, but the total binder mass remained constant (i.e.., when
cement content was decreased ,BC content was increased to match the fixed binder mass). The
weight percent of all other FC constituents such as NBSK fibers, water etc., were taken relative to
the fixed binder mass. While we acknowledge that replacing cement in proportions with a lower
density material such as BC, can affect the solid volume fraction — the use of fixed binder mass
was done to maintain a fixed water / binder ratio. This isolates the specific effect of BC on the
rheo-mechanical performance of FC. Such experimental design is commonly adopted in ce-

ment/composite research and ensures consistency and direct comparison of results [243,282,288].

5.2.3 Solid-state BC and FC characterization

5.2.3.1 Particle size analysis

To understand the effect of ball milling on the particle size of BC, DIA from Sympatec,

GMBH, Germany (Model: QICPIC + RODOS) was used. The BC samples (both unmilled and
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milled, approximately 3g), were fed (at a constant fed rate of 20%), into the vibrating dispenser of
the DIA device. The open jet aerosol disperses particles that pass through an analysis chamber
housed with a high-definition camera, that records and computes the shape and size characteristics
of individual particles. The EQPC (equal area projection of circle) method was used by the device

to calculate the particle size of the BC particles [289].

Compared to conventional laser diffraction system employed for analysing particle size,
the QICPIC + RODOS configuration, provides a unique advantage of capturing real time 2D im-
ages of individual particles, allowing for simultaneous measurement of both particle shape and
size. While laser diffraction based particle analysers, rely on light scattering patterns assuming a
spherical shape geometry to generate particle size distribution, image based analysis, does not rely
on any assumptions, rather uses fractal dimensions (based on the captured 2D image of the particle)
to compute particle shape and size effectively [290]. This makes QICPIC +RODOS particularly
useful for analysing irregularly shapes particles such as BC, where particle morphology signifi-
cantly dictates the resulting composite material performance[290]. In addition to this, the high
speed imaging in QICPIC system , enables detection of agglomerates and shape outliers possible,
which help us to understand the particle size distribution more effectively, that laser diffraction

may not be able to distinguish [290].

5.2.3.2 Raman spectroscopy

Raman spectrograph of the BC samples (before and after ball milling) were recorded
through Invia Reflex confocal Raman microscope (Renishaw, UK). Two different laser excitation
wavelengths were employed (532 nm & 785 nm) to facilitate the surface and bulk level character-

ization of both the BC samples. The Raman spectrum was recorded in the range of 1000 to 3000
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cm’!. Measurements were made at 5 different spots on the sample, and the respective spectra were

averaged.

5.2.3.3  X-ray photoelectron spectroscopy (XPS)

To characterize the surface functional groups and state of the elemental composition of
BC, an X-ray photoelectron spectrometer (Kratos AXIS Supra,UK) with a monochromatic Al Ka
source (15 mA, 15 kV) was used. The work function of the instrument was calibrated to provide a
binding energy (BE) of 83.96 eV for the line of metallic gold (4f72), whereas the spectrometer
dispersion was adjusted to deliver a BE of 932.62 eV for the line of metallic copper (Cu 2P3)).
Note that all the specimens were subjected to the Kratos charge neutralizer system to compensate
for charge buildup, which is synonymous in the case of non-conducting materials. An analysis area
of 300 x 700 pm and a pass energy of 160 eV were used for the surface scan. For the high-resolu-
tion scan, 300 x 700 um and a pass energy of 2 eV were utilized. The aliphatic carbon 15 signal,
set to 284.8 eV, was used for the charge correction of all the spectra. Spectrum analyses were
carried out using CasaXPS software (Version 2.3.26), and the graphs were plotted using OriginPro

2023 software.

5.2.3.4 Rheological characterization

The rheological characterization of FC slurry was analyzed using a rtheometer from NE-
TZSCH Malvern, UK (model: Kinexus ultra+). The measuring system was a 4-blade vane-in-cup.
To impart consistency and to negate the effect/ interference of cement hydration reaction with the
rheological results, all the tests were carried out at an early age of 8+1 min after the mixing process.

Approximately 33 mL of the mixed FC slurry was utilized for this analysis.
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The FC slurry (supplemented with various proportions of BC) was fed into the sample
holder and was subjected to two different analyses (a) steady state viscometry (to understand the
trends in viscosity with shear rate) and (b) strain amplitude sweep (to compute static and dynamic
yield stress). The steady-state viscometry was carried out within a high-to-low shear rate regime

(1000-0.01 S!) and a temperature of 25+1 °C.

To calculate the static yield stress, a strain amplitude sweep was performed, ranging from
0.01% to 1000%. For the dynamic yield stress, strain amplitude measurements were conducted in
reverse order, from 1000% to 0.01%. Both tests were carried out on freshly prepared samples. The
yield stress for both static and dynamic measurements was defined as the shear stress at the cross-

over point between the elastic (G') and viscous (G") moduli.

5.2.3.5 Mechanical characterization

Mechanical characterization (three-point bending test) was done using a universal testing
machine (UTM) from INSTRON, USA (model: 5969) to ascertain the flexural strength of BC-
supplemented FC composite. From the casted samples, a rectangular block of size 19.5 x 4.5 x 0.8
cm was cut to perform the test. A crosshead speed of 10 mm/min was chosen for the test. All the
tests were carried out on the 28th day of curing and the test itself was carried out as per ASTM

C1185 standard requirements [291].

The flexural stress ‘o’ and strain ‘e;’ during a three-point bending test can be calculated

using the following formula:
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_ 3PL eq 5.1
~ 2bd?

Or

_6Dd eq 5.2

Were, of — flexural stress in a material under three point bending test, P — applied load (N), L-
span length between supports (mm), b —specimen width (mm), d — specimen thickness (mm), €5

- flexural strain in a material under three point bending test. D - mid-span deflection (mm) obtained
from displacement data. For determining the MOR, the value of ‘P’ used in the equation (1) cor-

responds to the maximum load recorded during the test [291].
5.2.3.6  Porous structure analysis

The surface area, pore volume, and pore size distribution of the BC sample (BC_RAW &
BC BM) were measured using a (BELSORP-mini II, high precision surface area and porosity
analyzer) from Microtrac, USA using N> absorbate at —196 °C. All BC samples were degassed at

110°C under vacuum for 16 hours before conducting the test.
5.2.3.7 PXRD

To analyze the phases, present in the BC as well as to identify the phases of cement hydra-
tion products with the addition of BC, PXRD was performed using Bruker D-8 Advance X-ray

diffractometer with a Bragg-Brentano configuration. The X-ray radiation (Cu ko & koo, Ao =
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1.54056 & 1.54439 nm) with a generator specification of 40 kv, 40 mA was used, and a nickel
filter was utilized to cut down the Ko, radiation. The specification of the detector slit comprises of
0.6 mm divergent slit, 8§ mm anti-scatter slit, 2.5°soller slit, and a LYNXEYE silicon strip detector
was employed. The diffraction pattern was recorded from 5 — 90°, and a Bragg angle (20) with a

step size of 0.03° was used to record the diffractograms.

For probing the phase ID of the BC samples, the sample as received from the vendor (in
powdered form) was packed into the sample holder of the PXRD machine and analyzed. For prob-
ing the phase ID of cement hydration products with the addition of BC, the 28-day cured FC sam-
ple containing BC was subjected to mild mechanical pulverization using a 700 W, mixer from
Black + Decker USA. The powdered sample was then sieved through a USA standard testing sieve
(mesh size of MS 100, ASTM E-11), this was done to maximize the probability of probing the
hydration products. The sieved samples were packed in the PXRD sample holder and analyzed for

their hydration products.

5.2.3.8 Electron microscopy

To understand the structural changes in BC before and after ball milling (BM) and to probe
the FC interface containing BC, an SEM from Field Emission Instrument (FEI) company, USA
(model: Helios Nano Lab 650) was utilized. The BC samples (before and after ball milling) were
coated with iridium (since the samples were non-conductive) using a sputter coater (Model:
LEICA EM MEDO020, Germany) and analyzed for their microstructure [195]. To probe the FC
interface containing BC, sample preparation involves carrying out the same steps as mentioned in
the above section for phase ID of cement hydration products. The pulverized and sieved FC sam-

ples were coated using Iridium, as mentioned above, and analyzed for their microstructure.
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5.2.3.9 Nuclear magnetic resonance (NMR) spectroscopy

To understand the effect of BC supplementation on the hydration (formation of C-S-H
phases, quantification and probing the structure and environment of silicate species) of cement
composites, a high resolution °Si SS (MAS) NMR was carried out using Avance 111 400 NMR
spectrometer (Bruker) at room temperature. The operation frequency was 400 MHz, and the spec-
tra were recorded at single pulse excitation (with a pulse length of 3.8us and a delay of 180s). The
accumulation number for °Si was 384 scans. The 7 day cured cement samples (with and without
BC, subjected to mild mechanical pulverization, powdered and sieved) were packed in Zirconium
rotor (4mm diameter) and spun at a frequency of 10 KHz. Note that for the NMR analysis, samples
were prepared without NBSK fibers to effectively study the influence of BC_BM on OPC hydra-
tion. The chemical shifts (ppm) were referenced against tetrakis(trimethyl sily) silane (-10.02 ppm

and -135.7 ppm). The processing of the NMR data was carried out using Originpro 2023 software.

5.2.3.10 LCA and C/P analysis

A LCA study was carried out, following ISO 14040 & 14044 standards[292], to determine
the environmental impact of utilizing BC as a biobased (in six different proportions) supplement
to cement for FC manufacturing. Further details pertaining to this LCA study are provided as sup-

plementary information.

The C/P analysis was carried out to evaluate the economic viability and scaling up potential
of FC substituted with BC. The performance metric of interest chosen was specific strength of 28
day cured FC composites — obtained by diving the mean MOR to the density of the FC sample.

Cost here refers to the total fabrication cost of the FC sample — which was estimated by summing
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the cost of all processing steps (including raw material extraction and conversion), based on the
system boundary use in LCA . Raw material costs were obtained from prior technoeconomic anal-
ysis and published market research (see Figure D.6 & Table D.5 —Table D.6) for detailed cost
breakdown). Cost to performance ratio (CPR) was calculated by dividing the total FC fabrication

cost to the specific strength of each sample with varied BC loading.

5.3 Results and discussion

5.3.1 Understanding the physicochemical properties of BC

5.3.1.1  Size and morphology

Figure 5.1 depicts the effect of ball milling on BC particle size distribution. It is observed
from Figure 5.1(a,b) that BC_RAW and BC_BM exhibited a multimodal particle size distribution
peak, with a VMD of 324 pm & 125 um, respectively; a 61% reduction of VMD for BC_BM (c.f.
Table 5.2). Interestingly, from the DIA images, ball milling contributed to break down of the
bigger/coarser BC particles (~500 — 800 um) into more finer particles. Such a reduction in particle
size is vital when BC is used in conjunction with cement as a matrix material to ensure good
compatibility. Additionally, the process of ball milling can also influence the shape of the BC
particle — from Figure D.2(a,b), it was observed that, larger BC particles (in the range of 600 -
800um) tend to smoothen out and become more spherical upon balllming, thereby further enhanc-

ing the compatibility between two matrix materials.

Now to gain a deeper understanding on the morphology of BC particles, we transitioned
from laser diffraction technique to electron microscopy. Figure 5.1(c,d) and Figure 5.1(g,h) de-

picts the SEM images of BC particles before and after ball milling. As seen from Figure 5.1(c,d),
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BC inherently consists of porous honeycomb like structure — when biomass undergoes pyrolysis,
the organic components (such as cellulose, lignin etc.) present in them decomposes, whereas the
cell structure (cell walls) often remain intact, giving rise to such structures [293] Due to this, the
resulting BC particles tend to possess high surface area and pore volume, which makes them an

ideal candidate as an additive/admixture for various applications.
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Figure 5.1 Particle size and morphological characterization of BC. Particle size distribution, DIA particle im-

ages and SEM micrographs of BC (a—d) before (BC_RAW) and (e-h) after ball milling (BC_BM). In (g and h),

the orange arrow indicates the collapsed pore structure.
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Now, in addition to reduction in particle size, the process of ball milling can have implica-
tions on the morphology of BC structure. As evidenced from Figure 5.1(e,f), some of the larger
pores present in the BC structure seemed to have collapsed upon ball milling (marked by the or-
ange arrows, depicted in Figure 5.1(g,h)). At this juncture, it is critical to note that high energy
milling can indeed jeopardise the structural integrity of BC samples, if the milling parameters were
not optimised — therefore upon optimization we chose 45 minutes (milling time), 20:1(ball to pow-
der ratio) and 400 RPM as optimum milling parameters for this study (it may be noted that similar
milling parameters were widely employed to reduce the particle size of BC, whilst, keeping the

structural integrity of BC intact [294].
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Figure 5.2 Pore characterization and visualization of BC. (a) N2 adsorption—desorption isotherms and (b) BJH
pore size distribution of BC before (BC_RAW) and after ball milling (BC_BM). (c—d) Representative SEM
micrographs of BC after ball milling (BC_BM).
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Table 5.2 Effect of ball milling on the physical properties of BC.

Sample Volume mean diameter, BET surface area, Sper Pore volume, v,
VMD (nm) (cm®/g)
(m?/g)
BC RAW 324 429.4541 0.408102
BC BM 125 391.1352 0.320178

Additionally, process of ball milling can have ramifications with regards to the physical
characteristics of BC such as surface area and porosity. Figure 5.2(a,b) depicts the N> adsorption
desorption isotherm and BJH pore distribution plot of both the BC samples. It could be observed
from the N> adsorption desorption isotherm, that, both BC samples contain a combination of micro,
meso and macro pore and the BJH pore size distribution curve indicated a narrow monomodal
distribution centered at the mesoporous region (pore width in the range of ~ 4.1 nm for both the
samples). Since the adsorption - desorption occur predominantly in the high relative pressure do-
main, we can say that both our samples are considered to be mesoporous (2 — 50 nm) in nature (in

majority) [295].

Table 5.2 also describes the BET surface area and pore volume of both BC samples - with
the measured values in accordance with previously reported surface areas of high temperature
pyrolyzed BC.[296] Now, For BC_BM (ball-milled) sample, a slight reduction in both BET sur-
face area as well as the total pore volume by 9% and 21% respectively was observed, compared to
BC _RAW sample, which could be attributed to the collapse of some of the BC pore structure (as

evidenced in (Figure 5.1(g,h)). It may be noted that the BET surface area seemed to reduce slightly
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with ball milling process, contrary to our expectation that surface area would increase upon ball
milling. However, the contrary trend observed could be due to the reason that, as the milling pro-
ceeds, the BC particles may tend to smooth out or form aggregates/agglomerates, which may po-
tentially block the pores from being filled by the gas molecules during the analysis, resulting in a
slightly reduced surface area measurement. This result, in a way, highlight the limitation of BET
techniques itself in characterizing the physical properties of materials with heterogeneous surface
characteristics, especially when biobased materials are analysed — biobased materials often contain
volatile organic compounds/ moisture trapped in the pores, which may result in incomplete degas-
sing leading to under estimation of surface area. Despite this, majority of the pores (in the meso-
porous region, i.e. between 2 — 50 nm) still remain intact (Figure 5.2(¢,d)), which suggests that
the ball milling (for 45 minutes, in this case) process does not significantly destroy the structural

integrity of the BC samples.

Additionally, it is essential to understand the surface characteristics of the BC to effectively
probe whether there is any reactivity of the functional groups when integrated with cement clinker
phases, or the presence of elements such as silica, which may perhaps allow the BC to participate

in pozzolanic activity with cement clinker phases [297].
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Figure 5.3 Surface characterization of BC. (a) Survey and (b—d) HR-XPS spectrum of raw BC and (e—f) Raman

spectra of raw and ball milled BC under (e) 532 nm and (f) 785 nm laser excitation.

Figure 5.3(a) depicts the surface XPS scan, revealing that BC surface is primarily com-
posed of C (with a relative proportion of 92.4%) and O (with a relative proportion of 6.3%) fol-
lowed by trace amounts of Al, Ca, Si & P (at relative proportions of 0.3%, 0.4%, 0.4%, 0.2%

respectively) [298].

Figure 5.3(b) depicts the high resolution deconvoluted XPS spectrograph of Cls. From
Figure 5.3(b), it can be inferred that surface chemistry of BC is composed of unsaturated C=C
bond, polar C-OH and C-O-C, O-C=0, C=0 bonds, saturated C-C & C-H bonds [298,299] and =-
n satellite [298-300] in relative proportions of 79.3%,4.2%, 1.6%,3.0%,6.4% and 5.5% respec-
tively. The carbon — carbon bonds make up the amorphous and graphitic structure of the BC,
which is chemically stable under strong alkaline condition. However, the hydroxyl and carboxyl
linkages could be reactive under alkaline cement matrix. Next from the deconvoluted spectrum of
Ols as shown in Figure 5.3(c) depicts the high resolution deconvoluted spectrum, it can be in-
ferred that Ols1 (532.07 eV) and Ol (533.46 V) [301] with a relative proportion of 62.9% and
37.1%, respectively were predominantly part of carbonyl and ester groups, respectively.
[298,302,303]. Figure 5.3(d) presents the high resolution spectrum of Si, and further in-detail

deconvolution was not pursed as the proportions of silica present on the BC surface is low.

Since BC is a carbonaceous material, and ball milling can induce changes in its carbon
structure, Raman spectroscopy was utilized to understand the effect of mechanochemistry [304].
From Figure 5.3(e,f), two characteristics band appears at around 1354 cm™! (referred to as the ‘D’

disorder/defect band) and around 1596 cm™ respectively (referred to as the ‘G’ band which arises
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due to the vibrations associated with the sp? hybridised carbon atom associated to the crystalline
graphitic layer) [305,306]. The ratio of the intensities of ‘D’ and ‘G’ band can provide a measure
of graphitization degree of the BC samples. If the ‘/p / I’ ratio is smaller, indicates a better graph-
itization or ordering of the stacked graphitic chains in BC and a higher ratio is indicative of a less
ordered graphitic carbon structure [304]. Two different laser excitation wavelengths of 532 nm
and 785 nm were used to probe the graphitization degree. While 532 nm is efficient in probing the
surface level characteristics of the BC sample, whereas employing 785 nm, will offer better pene-
tration debt, thereby providing a better insight into the bulk level characteristics of the BC samples.
From Figure 5.3(e,f), for two different excitation wavelengths , the ‘Ip / I’ ratio is observed to be
slightly smaller in magnitude for ball milled samples compared with raw BC samples, indicating
that ball milling is effective in slightly improving the graphitization degree both at the surface level

as well as at the bulk level of the BC sample.

Though degree of graphitization of BC may not directly have an influence in terms of the
rheo-mechanical performance of FC based composites, however, higher graphitized BC may po-
tentially have longer shelf life in the high alkaline environment of the cement matrix, which could

prolong the composites overall performance.

5.3.2 Role of BC on the rheological properties of FC slurry

5.3.2.1 Static and dynamic yield stress analysis: implications on workability

Understanding the flow behaviour/characteristics of FC slurry is of great importance as it
dictates the feasibility of FC fabrication process and its application. Cement pastes in general ex-

hibits shear-thinning behaviour (see Figure D.3) and possess yield stress. Due to their thixotropic
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nature, pastes typically exhibit two distinct yield points: static yield stress (Tsqic) and dynamic
yield stress (Tgynamic) [307]. “Tstaric” defines the transition from a solid to a liquid-like state.
Whereas ‘Tgynamic’ represents the transition from a liquid to a solid-like state [265]. In the context
of the FC fabrication process, ‘Tgqtic’ provides a measure of flow initiation (crucial to mixing
and consolidation of FC slurry) whereas ‘Tgynqmic’ becomes a critical parameter in maintaining
the flow (useful in the case of pumping the mixed slurry). A variety of factors (such as type and
nature of additive/ reinforcement/SCMs employed, their concentration & surface chemical char-
acteristics can influence the magnitude of yield stress of the FC slurry. Therefore, it is essential

that we understand the effect of BC and its influence on these critical rheological properties.

Moreover, cement, when encounters water, undergoes an exothermic reaction, leading to
the formation of strength imparting hydration products such as C-S-H. This is a continuous, time-
sensitive process, leading to ongoing structural evolution /networking in the FC slurry, which often
complicates rheological measurements, particularly for long duration tests such as stress ramp or
creep tests (which are commonly employed for computing thixotropy and yield stress of viscoe-
lastic material in a rheometer), during the measurement period [38,264]. As a result, these methods
often suffer from poor reproducibility and may mask subtle effects introduced by these additives,

especially in systems undergoing active reactions [38].

To tackle these limitations, we adopted oscillatory strain amplitude sweep tests, a relatively
short-duration method that allows us to study the viscoelastic behaviour of FC slurry, while en-
suring minimal disruptions from ongoing hydration effects [260]. This method provides an insight
into early-age microstructural transitions and yields both static and dynamic yield stress as well as

provide direct measure of thixotropy of the FC slurry. The yield point is typically identified by the
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crossover of G' and G"—the point at which the material transitions from an elastic (solid-like) to
a viscous (liquid-like) behaviour [264]. The corresponding shear stress at is then taken as the yield
stress value [264]. This method provides a direct method of computing yield stress, unlike con-
ventionally used viscometry models (such as e.g., Bingham, Herschel-Bulkley), which are fitted
to the steady state viscometry data (indirect method) to compute yield stress viscoelastic materials

[308].

Another important factor that can influence the rheological measurement, especially while
dealing with suspensions with high yield stress or fibrous content is the effect of wall slip and edge
fracture [309,310]. To minimise these effects, we utilised vane-in-cup geometry — which is partic-
ularly useful for measuring the rheological properties of highly viscous samples compared to com-
monly employed parallel plate or concentric cylinder geometry. However, it may be noted that,
the complex stress distribution in vane geometry is different from other geometries, therefore ab-
solute comparison of yield stress values is only possible if the test parameters and test geometry
employed are similar. Given these critical constraints in terms of model assumptions, test methods,
geometric effects, thixotropy and continuous cement hydration — our focus is to understand how
BC substitution affects the rheological properties of the FC slurry, within our well defined exper-
imental framework [310]. Importantly the results obtained by employing these well defined pro-
tocols turned out to be consistent and reproducible, with varying BC content, offering valuable

insights into the rheological characteristics of BC substituted FC slurry.
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As observed from Figure 5.4(a), ‘T5q:ic’ of FC slurry is highly dependent on the concen-
tration of BC. At low content (0-2) wt.%, ‘Tgtqric” did not change significantly, indicating that the
occurrence of yield stress is mostly associated with the colloidal force and electrostatic interaction
between the cement clinker phases as well as due to the structural build of cement hydration prod-
ucts (C-S-H network formation, see Figure 5.4(a,b))[311]. Note that, for computing ‘Tg;gsic’ Of
cement paste, the sample was kept at rest after the mixing process). However additional factors
also contribute to ‘T4 4.’ development in this domain (see Figure 5.4(a,b)) such as - the presence
of coarser BC (> 50um), which may behave as rigid inclusions within the FC slurry or may act as
interlocking structures causing resistance to flow [312]. Additionally, the presence of NBSK fibers
in FC slurry (8wt.% in this case) can result in complex flocculation and physical entanglement
(high aspect ratio fibers tend to entangle under shear) leading to agglomeration and increased re-
sistance to flow (see Figure 5.4(b)) [313,314]. Therefore, a combination of these factors contrib-
utes to yield stress development; however, we believe that the role of BC is considered minimal in
this domain. Now, as the BC concentration rises from (2 — 4) wt.%, the ‘Tgq4¢i.  increases rapidly
(see Figure 5.4(b)). We refer to this concentration range as the critical BC concentration ‘Cy.’ ,
where an abrupt increase in ‘Tg 4.  Observed (the concentration range at which BC begins to
significantly influence the rheology of FC paste). This rapid increase in ‘T4 4+  could be attributed
to the network formation of BC within the FC slurry, causing resistance to flow [315]. During
mixing, fine BC particles can buckle against one another (possibly through hydrogen bonding) and
form bridges between cement particles via electrostatic interactions. The surface functional groups
of fine BC (such as hydroxyl, carboxyl, and carbonyl—identified by XPS, see Figure 5.3(a,d)),
may facilitate hydrogen bonding both between BC particles and with NBSK fibers, thereby pro-

moting agglomeration and increasing resistance to flow.
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At high BC concentration (4 —10 wt.%) the ‘Tg:4:ic” showed a steady increase (reaching a
maximum yield stress of 52.07 Pa at 10wt.% (98% increase vs control), see Figure 5.4(a)). This
increase in ‘Tgq4:i.  could be attributed to the combined effects of (a) BC particles forming net-
works that bridge cement particles, increasing flow (vide supra), and (b) BC particles adhering to
cement particles during mixing, potentially acting as nucleation sites for OPC hydration products
to develop [138] (referred to as secondary C-S-H in this study, see Figure 5.4(b)). This effect may
be due to the high surface area, surface chemical functionality, and porous morphology of ball-
milled BC (Vide supra), which not only provides additional nucleation sites but also helps retain
moisture within the FC slurry. At this juncture it is important to note that, we do not completely
exclude the possibility that secondary C-S-H may begin to form even at low BC dosages in FC
slurry (as hydration is a time dependent phenomenon), however, based on our results, we propose

that their contribution appears to be minimal at low BC dosages.

We propose that fine BC (< 50 pm) contributes primarily to nucleation effects, whereas
coarse BC (> 50 um) acts mainly as rigid, low-reactivity inclusions. Thus, in the low-loading re-
gime, the proportion of fine BC largely determines the extent of secondary C-S-H formation. Ad-
ditionally, water absorption by NBSK fibers and BC alters the w/b ratio, reducing free water in the
slurry and raising yield stress [138]. However, BC can subsequently release stored water, main-
taining moisture and promoting continued hydration [138]. This interplay likely explains the
steady yield stress increase at high BC loadings. In contrast, it was observed from Figure 5.4(a)

that “Tgynamic’ remained largely independent of the BC content. This may be because network

structure formation (as discussed earlier) is delayed under the continuous straining of oscillatory

testing. Consequently, ‘“Tgynamic’ 1S primarily influenced by the network formation of the main
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matrix material (cement, in this case). Even at higher concentrations, the addition of BC did not

significantly affect the T4ypnqmic of the cement slurry.

The “Tstatic/Taynamic’ ratio can be used as a direct measure of time dependent rheological
properties such as thixotropy / rheopexy [203,307]. A ratio greater than unity suggests that the
material is thixotropic in nature, meaning the slurry becomes less viscous under stress or strain
and gradually recovers its viscosity once the stress is released. It is important to note that various
factors can influence this behaviour, and cement pastes often transition from thixotropic to rheo-
pectic behaviour over time. However, in our application — FC mixing and pumping, which typi-
cally occurs during the dormant phase of cement hydration — the cement paste predominantly
exhibits thixotropic behaviour [39]. As shown in the Figure 5.4(a), ‘Tstatic/Taynamic’ ratio for all
BC concentrations is well above 1, indicating that all FC samples (including both BC-containing

samples and the control) exhibit thixotropic behaviour. Since ‘Tqynamic’ remained unaffected by
BC content, the “Tgtgtic /Taynamic’ ratio mirrored the trend observed in the “Tszq¢ic” €volution with

varying BC concentrations. Specifically, the ratio remained relatively constant at 0 — 2 wt.% BC

and increased significantly from 2 to 10 wt.%.

This behaviour could be attributed to the unique physical properties of BC—such as its
surface area, porosity, and water absorption capacity—as discussed earlier. These characteristics
promote the development of a stronger network structure within the slurry, enhancing its structural
build-up over time. As the BC content increases, the FC samples exhibit a greater degree of thix-
otropy, meaning they can rebuild their internal structure more effectively after being disrupted.

This could also indicate improved restructuring and faster breakdown/deflocculation of the FC
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slurry constituents during shear and rapid recovery at rest [316]. Such enhanced thixotropic be-
haviour is particularly beneficial for processes like pumping and consolidation, where it is desira-
ble for a material to maintain structural stability when at rest yet flow readily when subjected to

stress.

5.3.3 Role of BC on the mechanical properties of FC

5.3.3.1  Flexural strength analysis and comparison with conventional carbon based mate-

rials

Since FC is designed for non-structural /load-bearing applications, flexural strength, vis a
vis, MOR, is characterized to evaluate mechanical performance. In this section, we demonstrate
the effect of BC content on the flexural strength of FC, with the derived MOR values compared

against those of traditional carbon materials.

Figure 5.5(a) depicts the mechanical characteristics of the FC with BC pertaining to its
bending behaviour, a crucial criterion for non-structural building materials, like 8 mm thick build-
ing facades. The stress-strain curves in Figure 5.5(a), reveal a relative increase in peak strength
with increasing BC content, accompanied by a reduction in post-peak deflection and post crack
toughness. This suggests a decline in ductile behaviour and energy absorption after failure of the
FC sample (vs control). Such behaviour is common in FC composites and similar trend was ob-
served in our previous studies involving the inclusion of cellulosic nano/micro-particles in FC
[243,282]. This transition could be attributed to the high packing density of ball milled BC parti-

cles, which provide a void filling effect. Densification of the cement matrix makes the FC stiffer
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(more brittle) compared to the control, while enhancing the composites’ ability to withstand higher

mechanical loads and delay the initiation of microcracks [288,317].
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Figure 5.5 Mechanical characterization and performance evaluation of FC with BC as a function of BC content.
(a) Stress — strain curves and calculated MOR, (b) MOR comparison between BC and traditional carbon ma-
terials as SCMs. In Figure 5.5(d), G, GO, CB, GN, and MWCNT stands for graphene, graphene oxide Carbon black,
Graphene nanoparticles and multiwalled carbon nanotubes, respectively.[305—309] More details pertaining to compo-
sition, type of dispersant / superplasticizer employed for these materials are mentioned in Appendix D Table D.1. All

tested composite was cured for 28d under ambient condition unless stated otherwise.

From Figure 5.5(a), it may also be noted that the control FC exhibited improved strain
hardening behaviour under flexural loading, characteristics of effective fiber bridging and crack
resistance. However, despite the improvements observed w.r.t peak strength, the inclusion of even
low dosage of BC (BC_BM-2) resulted in a significant reduction in post-peak deflection and post-
crack toughness of the FC composite. Such a drastic change in the failure response of these FC

composite due to flexural loading could be attributed to several reasons, such as matrix densifica-
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tion [318], interfacial stress concentration from rigid/ agglomerates of BC [288], potential disrup-
tion of fiber-matrix bonding [317] or due to reduced fiber dispersion. Such effects are typical of
FC composites and has been reported with the inclusion of fine fillers in FC such as nano silica
[318], nano/micro cellulosic additives [243,282], matrix modifiers such as FA (which alter fracture
behaviour by modifying the microstructure and interfacial properties) [317] and due to poor/het-
erogeneous dispersion of fine fillers / additives at extremely low or high loadings [319]. Thus, the
observed shift reflects a loss of ductility and toughness due to microstructural and interfacial in-

teractions, rather than a direct transition of failure mode (brittle fracture).

Further analysis of the stress-strain curves indicates that there is less room for the fibers
to flex under load, limiting the load transfer, and thereby compromising the ductility of the com-
posite. Note that fibers are tightly embedded (mechanical interlocking) in between the cement-BC
matrix. So, as the BC and cement content are varied proportionally while keeping the NBSK fibers
content constant, we believe that further optimization—particularly through adjusting fiber dosage
(increasing the content of NBSK fibers) and by optimising BC loadings—could improve the com-
posite’s strain hardening behaviour. In this study fiber dosages were intentionally kept constant at
8 wt.% , following conventional loading practices adopted in FC research [243]. To this end, our
prior work has shown that it is possible to counteract matrix densification and induce flexibility
by carefully optimising fiber/additive loading in FC [282]. Although we have demonstrated this

potential, further investigation with BC is beyond the scope of this study.

Figure 5.5(a) depicts the variation of MOR with BC content (0—10 wt.%), replacing OPC

content in the matrix. Interestingly, at low BC content (i.e., 4 wt.%), MOR increased by 17% and

135



trend continued until 8 wt.%, reaching a maximum of 9.8 MPa (40% increase vs control). Inter-
estingly, irrespective of BC replacement of cement, the calculated MOR has been higher than the
pristine cement matrix (control) for all BC concentration (with an exception at 2wt.% where the
MOR was maintained with that of control. This is because the incorporation of BC can have an
impact on the packing density [137] while its polar surface chemistry and porous morphology can
host nucleation sites favouring the ongoing hydration reactions [320]. In addition to this, the pres-
ence of NBSK fibers and BC can retain water, that is available during the mixing of FC slurry
(affecting the overall w/b ratio of FC slurry) and release it over time as the FC cures. Such a
phenomena affords unhydrated cement to hydrate over time, facilitating a mechanism termed as
internal curing, resulting in strength development [137,139]. All these are crucial parts of strength-
ening mechanism, i.e., increase in peak strength as evidenced by the high MOR values. On the
other hand, increasing the content of BC to 10 wt.%, the mean MOR reduced to 6.1 MPa from 9.8
MPa (54% reduction vs BC_BM-8). Such a trend has been reported in prior research where ex-
cessive BC in the matrix act as potential stress concentrators owing to the particle agglomera-
tion,[ 140] especially when no surfactant or dispersing agent are added in the formulation. Another
possible reason for such failures, especially at high BC dosages could be attributed to the inherent
porous nature of BC that can lead to formation of potential air voids in the tensile plane of the
cement composites compromising structural integrity as reported Khushnood et al. [142]. Moreo-
ver, the evolution of ‘Tg:4i.  trends observed in this study were in accordance with the MOR
trends with increasing BC content (vide supra) — indicating a direct correlation with these im-

portant rheo-mechanical properties (see Figure D.4(a,b)).
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Finally, from Figure 5.5(b), MOR of FC with 8wt.% of BC (BC_BM-8) is compared
against traditional carbon materials, such as Carbon Black (CB) [321], Graphene (G) [322], Gra-
phene oxide (GO) [323], Graphene Nanoparticles (GN) [324] and MWCNT [325]. As exhibited
in Figure 5.5(b), MOR of BC_BM-8 is significantly higher (34%, 36% and 17%, respectively)
than GO [323], GN [324] and MWNT [325], respectively. However, MOR values of cement com-
posites with G [322] and CB [321] were comparable with BC BM-8. A crucial point to note that,
the reported carbon materials require dispersing agents/surfactants/superplasticiser and fine/coarse
aggregates to improve particle distribution, which in turn contribute to flexural strength develop-
ment (see, Table D.1 for more details) — not required for wood-derived BC. Mechanical treatment,
i.e., ball milling was sufficient to homogenize the BC particle size resulting in improved mechan-

ical performance.

5.3.4 Role of BC on the cement chemistry at FC interface

5.3.4.1 Microstructural and hydration products characterization: implications on hydra-

tion

The reaction of cement clinker phases with water results in the formation of hydrates (know
as OPC hydration products) imparting strength to cement composite.[326] Now with the addition
of BC as a SCMs, it’s essential to understand how BC may influence the hydration product for-
mation. Thus, PXRD (for phase ID) and solid-state NMR were employed to understand the struc-

ture and speciation of cement hydration products.

Figure 5.6(b) depicts the PXRD patterns of reference OPC (unhydrated) and 28 days cured

(hydrated) FC sample containing BC (BC_BM-8). The composition (phase ID) of the cement
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clinker phases present in OPC is depicted in the PXRD curves represented in Figure 5.6(a) and is
adopted from our past study [243]. PXRD of (BC_BM-8) revealed distinct peak at 20 = 9° & 35°
for ettringite and 20 =17" for portlandite respectively, which were absent in the PXRD of OPC,
confirming cement hydration [243]. Peaks at 20 = 16°,29°,32°,49" confirmed the presence of C-S-
H, hydration product in BC_BM-8 sample [218]. Peak overlap between ettringite and portlandite
at20 =17 & between C-S-H and calcite peaks at 20 = 29° were observed [243]. No new crystalline

phases beyond conventional OPC hydration products were detected.

Visual evidence from SEM suggests the possibility of OPC hydration products formation
localised near BC particles - both within the cement-BC matrix Figure 5.6(a,b) and within the
vicinity of BC particles, that is tightly embedded onto the NBSK fibers (Figure 5.6(c)), which
maybe indicative of improved hydration. However, SEM analysis alone is inadequate to validate
these claims and thus there is a need for advanced characterization. Importantly, the primary OPC
hydration product (i.e., C-S-H) is semicrystalline in nature. PXRD technique, though efficient in
detecting crystalline phases, is often limited to probe the structural characteristics of semicrystal-
line or amorphous phases effectively [327]. Additionally, occurrence of overlapped peak between
OPC hydration products creates uncertainty in deciphering the appropriate peaks with confidence,
making phase quantification difficult [328]. Therefore, the effect (if any) of BC on the structural
conformation of silicates in C-S-H may not be effectively studied/quantified with the PXRD tech-

niques.
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Figure 5.6 Microstructural and hydration product characterization of FC. (a-c) SEM micrographs of FC
(BC_BM-8). In (a-b), the orange arrows indicate the growth of OPC hydration products on the BC surface,
and in (c), the orange circle indicates the formation of possible hydration product at FC interface.(d-e) PXRD
patterns of FC (BC_BM-8) and OPC as a reference. (f) Raw Si MAS NMR spectrum of control and BC_BM-
8 sample. (g) Deconvoluted 2Si MAS NMR spectrum of BC_BM-8.(h) summary of spectral deconvolution re-
sults. Note that for NMR analysis, NBSK fibers were not employed to negate its effect on hydration products and 7

days curing was sufficient. The PXRD diffractogram of Raw BC is shown in Figure D.5.

2%Si MAS NMR has been widely used to study the silicate species (degree of hydration and
polymerization) around C-S-H, which is the primary OPC hydration product, as discussed in the
above sections.[329] The environment around silicate species (conformation of silicates) in 2°Si
NMR is given by Q", where ‘n’ denotes the number of Si — O — Si linkages. Q° represents the
isolated silicate species (Silicon oxygen tetrahedra) belonging to the unhydrated cement clinker
phases such as di/tricalcium silicates (C2S/C3S) and has a chemical shift observed in the range (-
68 to -76 ppm) [330,331]. Its important to not that Q° comprises of multiple resonances caused
due to the presence of alite and belite phases in OPC, with resonance due to C3S occurring at a
higher chemical shift compared to C2S [331]. This combined resonance results in broadening of
the Q° peaks, therefore multiple peaks (at § = -69.1, -71.3, -73.8 ppm) are assigned to deconvolute

and quantify the Q" species (see Figure 5.6(g)).

Now, as OPC undergoes hydration, Q! (-76 to -82 ppm) and Q? (-82 to -88 ppm) species
are formed at the expense of Q° species [332]. Therefore, tentative peaks at § = -79 assigned to
Q!, 5 =-80.8 ppm assigned to Q? (1 Al) & peak at & = -84.7 ppm, assigned to Q? sites respectively
[333]. Additionally prior research from Anderson et al. has conformed the resonance of Q* (1 Al)

sites in corresponding to the aluminate phase in C3A and C4AF. In such as case, one of the two
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bridging oxygen atoms is bonded to Al, and thereby replacing Si in the silicate tetrahedra [334].
Q’ and Q* (higher polymerised silicate networks) are typically absent in OPC hydration product
phases and their presence are often observed with the addition of silicate based admixtures in ce-

ment [335].

Figure 5.6(f) depicts the raw 2°Si MAS NMR spectrum of 7 day cured control and
BC BM-8 sample respectively. Figure 5.6(g) describes the deconvoluted spectrum of BC BM-8
sample. From Figure 5.6(b), characteristic peaks occurring at chemical shifts (Vide supra) are
assigned to deconvolute and quantify the different silicate species. Figure 5.6(h) summarises the
analysis results of deconvolution process for both samples. Now, by quantifying the amount of
various silicate species formed, it is possible to quantify the degree of silicate hydration (o) using
the formula a (%) = 100 — Q° (%) [336]. It may be noted that cement curing and subsequent
strength development, occur progressively in an interval of 7 days (for e.g., 7, 14, 21, 28 days). 7-
day cured samples were used for NMR analysis, as hydration at this stage is advanced enough to
identify distinct silicate species, without the complexity introduced by later stage silicate polymer-

isation.

From Figure 5.6(h), it is inferred that for BC_BM-8 samples, a reduction in Q° species
(vs control), followed by an increase in degree of hydration is observed (vs control). This suggests
to us that the presence of BC may influence the silicate dissolution and favor/promote hydration
reactions, indicating that isolated silicate species (Q° species), present in clinker phases converted
into polymerised silicate species (Q', Q%). Another observation made from Figure 5.6 is that the
amount of Q' species formed for BC_BM-8 is higher than (64% increase) that observed with con-

trol samples, where as the amount of Q? species formed is almost similar for both samples. This
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suggests to us that, incorporation of BC may perhaps have altered the environment around silicate
species, favouring the formation of fragmented polymerised silicate species (Q!) compared to the
formation of polymerised silicate networks (such as Q? species), especially during the early age
curing (ie.,7 days in this case). This in a way validates the visual evidence (Figure 5.6(a-c)) that
BC may have acted as nucleation points for additional precipitation of hydration products (referred

to as secondary C-S-H in this case) to develop.

We allude this ability of BC to its physiochemical characteristics, especially surface chem-
ical functionality. The inference derived from the high resolution deconvoluted XPS spectrum of
C Is and Ols, - indicate the presence of surface functional groups (in relatively high proportions)
that is capable of being reactive with the cement clinker phases, in the high alkaline environment
present in the cement matrix. Additionally, evidence from past studies have show that the presence
of hydroxyl and carboxyl linkages in cement admixtures/ additive can form active nucleation sites
which could promote the precipitation of early C-S-H [337,338]. This happens because the hy-
droxyl, carboxyl functional groups present in BC can potentially interact with calcium ions in
cement pore solution (wet state while mixing) — which prompts the calcium ions to localise near
hydroxyl groups. Simultaneously, silicate ions (from dissolved clinker phases) are also draw to the
hydroxyl groups, thus facilitating a close interaction between calcium and silicate species, thereby
promoting the formation of poorly crystalline C-S-H [337]. This early precipitation of C-S-H then
act as anchoring points for this process to proceed further, and the corresponding binding of these
C-S-H phases accumulates to form connected C-S-H networks (at the end of curing, typically after
28 days in an air cured system). Similar nucleating effects have been reported with other carbon

based admixture such as graphene/ graphene oxide in cement systems [338].
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5.3.5 Role of BC on CO: footprint and C/P of FC: balance between performance, cost

and sustainability

(a) Life cycle impact assessment (b} Cost / Performance analysis
0.8 ; -
10 024 _ [005
0.7 4 = fa) ﬁ
. € g  m oz @ [005 @
] d .____.___.___.———-I— .
g 06 ey Z % 8
] > s
ON 0.5 “‘-n-.-.*.'_‘” E _________ o — . L0.16 8 -0.04 £
o C e, = 6 L ‘ o g E
2 o4 > pm o/ | T o gpoos B
= o O 4. e = -~
J o~ <~ © w0 - = (] =)
g 03 I T e I R I 8 3 ¢ |® % |oosSfoozd
5 02 B & = & &) o E 2 3 |8 F| B =
o o |o| |0 |o %5 2 | | I I I loos & Loo1 @
0.14 m m m m [} g O &) Q 8] O : [}
g m m m m m E &)
0.0 , , , . : » gl r T : r —L0.00  Lo.oo
0 0 65 123 17.6 223 267 0 65 123 1786 223 267
Biochar content (Vol.%) Biochar Content (Vol.%)

Figure 5.7 Role of BC on CO: Footprint and C/P of FC. (a) The accumulative GWP of different BC supple-
mented FC, calculated using EN 15804 A1:2020 assessment methodology, depicting the GWP impacts related
to FC production (accounts for, raw material extraction, conversion and processing, core process involved in
the FC fabrication process and the benefit of supplementing different proportion of BC as cement replacement).
Note that the GWP results computed from this study were compared with those reported in a published LCA
of a leading commercially available cellulose FC board manufacturer (refer Table D.4) and with control sam-
ple (BC_BM_0). Refer to ESI (Figure D.6, Table D.2 — Table D.3)) for further information regarding system
boundary, functional unit and energy calculations. (b) C/P analysis of FC (performance refers to the specific
strength of the FC (which is computed by taking the ratio of mean MOR (in MPa) to the density of FC (in
kg/m3) and is compared against the total fabrication cost of FC (see Table D.5 — Table D.6) for background
information regarding cost calculations). The CPR index is calculated by the ratio of FC fabrication cost (in USD)
to the performance (i.e., specific strength (in MN.m/kg). To provide a quantitative understanding as to the volume

occupied by BC (when supplemented in different proportions) in FC, the corresponding BC content is given in Vol%.
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The environmental impact of replacing OPC with BC was evaluated using a cradle-to-gate
life cycle impact assessment, and the resulting GWP (in kg COzeq) as an indication of GHG emis-
sions. Results were compared against the control sample (100% cement) and with the reported
GWP of commercial FC. From Figure 5.7(a), it’s observed that, with the substitution of BC (2 to
10 wt.%), the net GWP values decreased (from 0.577 to 0.4458 Kg COz-eq), leading to a reduction
up to 22.8 % (vs control) and 24% (vs commercial FC) for 10wt.% supplementation of BC. This
reduction could be attributed to the reduced cement content in the sample due to BC substitution
(minor contributor), coupled with the enhanced carbon sequestration potential of the supplemented
BC (major contributor). Additionally, from the performance point of view, it was observed from
the rheo-mechanical study that, the sample with 8 wt.% addition of BC exhibited the best rheo-
mechanical properties (vs control), which corresponds to 18.1% reduction in net GWP result (vs
control). Moreover, the presence of cellulosic fibers (as reinforcement) adds to the carbon seques-
tration potential of our FC system (note that for simplicity of analysis, the carbon sequestration
potential of cellulosic fibers is not considered for this study as all the samples contain an equal
proportion of fibers). Thus, it can be inferred from this LCA study that the incorporation of BC

can pave the way for nurturing strong yet low climate-impact sustainable FC.

Sustainability often comes with a trade-off — in terms of increasing the cost of the material,
which could have a negative impact on the product’s commercial market viability. Therefore, un-
derstanding the cost/performance (C/P) characteristics of FC is of utmost importance as we eval-
uate the practical implication of transitioning our lab scale product to industrial scale. Considering
this, a basic C/P analysis was conducted with the results obtained from this study. Specific flexural

strength of the fabricated FC was chosen as the performance metric of interest, compared against
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its associated cost of fabrication (in USD). This parameter was chosen considering the importance
of light-weight composites for non-structural applications (use as facades). Additionally, a CPR
index has been introduced as a measure of the effectiveness of C/P of FC samples. This way, it is
possible to gain a quantitate perspective as to how the performance metrics and cost varies with

the introduction of BC in the FC system.

From the C/P analysis (Figure 5.7(b)), it can be observed that, the specific strength of FC
increased with BC content (exception at 10wt.% - specific strength decreased, though slightly

higher than control), indicating the potential of BC in reducing the overall density of the FC
(Pcement = 1.44 g/lem® , whereas Pp;ocnar=0.223 g/cm® coupled with its physical characteristics

such as high surface area & porosity — enables less amount of BC particles to fill the FC matrix,
which otherwise needs to be filled by dense cement particles). With regards to FC fabrication cost
- increased linearly with BC substitution (with 8wt.% BC substitution - occupying 22.3 % by vol-
ume of FC, resulted in an increase in cost by 4.1% vs control). Despite this increase in FC fabri-
cation cost, the CPR showed a decreasing trend (exception at 10wt.% due to poor mechanical
performance) with the substitution of BC, iterating the enormous potential of developing econom-
ically viable - low-carbon- high performance (lightweight & high strength) building materials
which could find possible application in high rise buildings, offshore systems where — light weight

becomes a critical parameter.
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5.4 Conclusion

This study delves into developing low-carbon — light weight high — strength FC comprising of
cellulosic fibers (as a reinforcement) and wood derived BC in proportions as SCMs. The key find-

ings from this study are as follows:

e Ball milling was found to significantly modify the surface characteristics of BC, thereby
improving its compatibility with the cement matrix. Enhanced interfacial compatibility is
critical for enabling uniform dispersion and better integration of BC within the composite,
contributing to improved mechanical properties and material homogeneity

e Rheological characterization revealed that the static yield stress of FC slurry increased
markedly with BC content (reaching a maximum of 52.07 Pa at 10wt.% BC content, ex-
hibiting 98% increase vs control). This enhancement was attributed to :

(a) Complex physicochemical interactions among BC, NBSK fibers, and cement particles,
mediated by mechanisms such as flocculation, electrostatic forces, Van der Waals in-
teractions, hydrogen bonding and fiber entanglement.

(b) Structural buildup within the slurry driven by cement hydration and the formation of
primary and secondary C-S-H networks, facilitated by the nucleating action of BC.
Additionally, thixotropic properties improved with increasing BC content, suggesting
better resilience to flow disturbances during FC processing. These rheological attrib-
utes are especially beneficial for operation such as mixing, pumping, and mold consol-
idation.

e Results from three point bending tests demonstrated a noticeable improvement in flexural

strength, with an optimal substitution of 8wt.% BC (equivalent to 22.3% of the FC matrix)
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yielding a 40% increase in MOR compared to control. However, the stress-strain curves
indicated a reduction in post-peak deflection, suggesting a reduction in ductility and tough-
ness with increasing BC content.

e Results from a combination of studies (XRD, SEM, ?Si MAS NMR & XPS) indicated that
BC plays an active role in influencing degree of hydration and microstructural evolution.
The enhanced degree of hydration and matrix densification observed in BC containing sys-
tems were likely a consequence of both chemical contributions (e.g., surface functionality
promoting hydration reactions) and physical effects (e.g., pore filling and nucleation).
These mechanisms collectively contribute to improved mechanical integrity of the final
composite.

e A cradle to gate LCA revealed that 8wt.% BC mixture (BC_BM-8) led to an 18% reduction
in GWP compared to control mix. Although the integration of BC led to a modest 4.2%
increase in fabrication cost, the enhanced cost to performance ratio offsets the added ex-

pense.

Overall, the findings from this study demonstrates that mechanochemically processed BC
serves as a multifunctional additive that enhances the rheo-mechanical and microstructural prop-
erties of FC while significantly lowering their environmental impact, offering a viable pathway

towards developing, high performance building materials.
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Chapter 6: BC-enhanced low-carbon geopolymer binder: a new paradigm for
fiber reinforced building materials with improved performance and sustaina-

bility.

6.1 Introduction

Cellulose FC has long been considered as a green and sustainable alternative to asbestos
FC due to improved safety, biodegradability and environmental benefits without jeopardizing crit-
ical mechanical properties. However, the conventional use of OPC as the primary binder in cellu-
lose FC remains highly carbon intensive, contributing to about 8% of the total anthropogenic CO>
emissions [7]. To address this challenge, alternative low-carbon binders are being explored, in-
cluding geopolymer systems. Geopolymers are inorganic, alumino-silicate materials formed
through the reaction of alumino-silicate precursors with alkaline activators (e.g., blend of sodium
hydroxide and sodium silicate / potassium hydroxide and potassium silicate) [149,150]. Unlike
OPC, which produces CO; as a result of the calcination reaction in rotating kiln, binders for geo-
polymer systems are often procured /extracted from naturally occurring earth materials / obtained
as industrial byproducts, thus requires less energy for its production - significantly reducing GHG
emissions [6]. Additionally, geopolymer systems are known to exhibit superior strength (early age)

and chemical stability compared to OPC counterpart.

Commonly used precursors in geopolymer binders include FA (byproduct of coal combustion
in powerplant) [339,340], GBFS (waste byproduct from iron and steel production) [119] and SF

(silicon metal/alloy byproduct) [341]. Over the years a variety of researchers studied the effect of
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geopolymer system with these precursors for the development of low-carbon construction materi-
als. It was observed that FA based geopolymer system exhibited superior strength / durability and
chemical stability [342,343] (vs conventional OPC based concrete), whereas GBFS and SF based
geopolymer systems are often reactive (facilitating pozzolanic activity, thereby densifying matrix,
while reducing permeability) and are known for their early strength characteristics [344—347].
While these precursors offer sustainability benefits (valorization of industrial waste / by product),
their availability is subject to fluctuations in industrial production, making their long-term supply
chain uncertain (especially when competing against cement industry and its scale of production to

meet the construction demand) [117-119,348].

On the other hand, MK, derived from the calcination of kaolinite clay, offers a more relia-
ble and consistent alternative to other SCMs. Kaolinite clay is the most abundant clay mineral
found on Earth’s crust — making it easily accessible and scalable as a low-carbon binder [156].
While sourcing (open pit mining) and processing (calcination) of kaolinite do involve direct envi-
ronmental impacts and energy usage, its production is not dependent on fossil fuel based industries
(conventional SCMs are often produced as a byproduct of polluting/ declining industries [349]).
Additionally, the production of MK is more standardized, leaving less compositional differences /
batch to batch variations, ensuring consistent reactivity. This may not hold true for conventional
SCMs, which often exhibit variability in chemical composition and reactivity. Over the years, a
variety of researchers investigated the performance of MK based geopolymer systems and the
results revealed superior compressive strength, chemical resistance, thermal stability and durabil-
ity (resistance to free-thaw cycles) [123]. Despite these merits, key challenge exists, that prevents

the widespread adoption of MK in geopolymer system — such as increased cost along with its
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increased water demand (arising due to the physicochemical characteristics of MK). Increased
water demand can adversely affect workability, curing kinetics and the hardened geopolymer prop-
erties. To address this issue, the incorporation of cellulosic pulp fibers offers a promising solution.
Our prior research (detailed in Chapter 3 & 5) has extensively demonstrated these capabilities.
Based on these insights, we believe that the integration of pulp fibers into the MK based geopoly-

mer system could mitigate such challenges and enhance their practical applicability.

In parallel, BC, a carbon rich material produced as a result of biomass pyrolysis, has
emerged as a promising partial substitute for OPC, which negates environmental and socio-eco-
nomic impacts associated with clicker production [128]. Our prior study (Chapter 5) systemati-
cally investigated the impact of these substitutions and their positive ramifications on the FC rheo-
mechanical performance and environmental impact. These benefits further inspire us to translate

the use of BC as a partial substitute to MK (the precursor / binder) geopolymer system.

This approach not only aims to curb the CO; emissions but also enhances the overall sus-
tainability of FC building materials by incorporating a blend of low-carbon binders in geopolymer
systems. Emerging literature studies have begun to explore the co-utilization of BC with geopol-
ymer precursors, although research remains limited. For instance, studies from Egodagamage et
al. investigated the effects of three different BC (derived from sewage sludge from two different
wastewater sources and from locally sources rice husk derived BC) - in a AAM/ geopolymer blend
composed of GBFS, using sodium carbonate and sodium hydroxide as activator [350]. Results
revealed that 2 wt.% rice husk BC (containing 10% NayO) imparted a 12.2 % increase 56-day
compressive strength vs control (i.e. without BC) and reduced the workability and setting time by

10% and 28% respectively [350].
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This performance enhancement was attributed to high reactive silica content in rice husk
derived BC — contributing to improved geopolymerization [350]. Other studies have investigated
BC in MK based systems. For e.g., Khamlue ef al. examined the incorporation of coconut shell
derived BC in MK — aluminum oxide geopolymer system (activated by a blend of: Na>SiO3 — 15M
NaOH) and analyzed its microstructural effects [351]. Similarly, Piccolo et al. evaluated the effects
of municipal incinerator bottom ash (IBA) as a partial replacement in MK based geopolymer sys-
tem (activated by blend of Na,SiO; — 8M NaOH), focusing on porosity, reaction mechanism and
water absorption of these geopolymer systems. However, both studies primarily focused on mi-
crostructural characteristics and chemical interactions, with limited or no assessment of rheo-me-

chanical properties [352].

These findings highlight the growing interest in hybrid geopolymer binders that combine
BC and aluminosilicate materials. However, there is limited research on their mechanical perfor-
mance, particularly in systems reinforced with NBSK fibers. Mechanochemical processing using
planetary ball milling was employed as a pre-mixing step to integrate the two different binder
materials. In addition to mechanical characterization, in dept particle shape/size and morphological
analysis of the premixed binder via DIA & SEM analysis and we employed PXRD analysis to
phase ID and confirm the extent of geopolymerization reaction. Furthermore, a cradle to gate LCA
to assess the environmental impact of utilizing these hybrid geopolymer binders. We believe that
this study will pave the way for the next generation, low-carbon FC geopolymer that are both
technically robust and environmentally sustainable, offering a scalable solution for green construc-

tion.

151



6.2 Material and methods

6.2.1 Raw materials

MK used in this study was procured from Advanced Cement Technologies (ATC), USA
(brand name: Powerpozz ). BC and pulp fibers employed for this study remained same as those
employed in the previous section (see Table A. 9). Sodium silicate solution and sodium hydroxide
pellets used for this were procured from Sigma Aldrich, Canada. Unless otherwise specified, DI
water was used for this study. The physicochemical properties of all the raw materials employed

for this research are mentioned in Table A.12Table A.13) & Figure E.1.

6.2.2 Fabrication of FR-BEMG

As indicated in Figure 6.1, the first step involved in fabricating FR BEMG is to combine

both binder components that are morphologically and compositionally distinct.

Refined NBSK Fibers Activator
PFI mill (4500 rev) Sodium silicate + 12 M NaOH
r\

Dimension
(26 *21*2cm)

\\t;/"‘- ’ g

Mixing Casting Air curing
(6 minutes) (Silicon mold) (28 days)

8 wt.%

Raw Biochar Biochar sieved
to MS (100) - -
o )/

Planetary Ball milling
(45 minutes)

$

Water

3

N

ok

Metakaolin

Figure 6.1 Schematic representation depicting the key steps involved in the fabrication of FR_ BEMG

The BC (mixture of coarse and fine, irregularly shaped particles) was first sieved using a

Canadian Standard Sieve (MS 100) to ensure size compatibility with MK (which has a uniform
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particle shape/size). The sieved BC, along with MK (used as received) were then loaded into me-
tallic jar at appropriate proportions and mixed using planetary ball milling technique (following

the same milling parameters outlined in Chapter 4).

Next step involves preparing the activator, that is added at the processing stage of FC to ini-
tiate the geopolymer reactions. The activator used for this study involves a blend of sodium silicate
and 12 Molar NaOH solution mixed at a constant activator ratio of 1.14 and then added to the
binder at an activator/ binder ratio of 0.5 for all samples (the activator type and their appropriate
ratio used were selected based on relevant literature in geopolymer research and further optimized
through trial and error to achieve a stable and workable composition for this study) [353]. After
this, the binder — activator mix along with refined pulp fibers (see section 5.2.2 for refining proto-
cols) were transferred into a mixing bowl using a kitchen-grade Techwood 6QT (power output:

800W), operating at 600 rpm for 6 minutes (as shown in Figure 6.1).

Note that additional water was added during the mixing process for some samples so as to
maintain the slurry consistency. After mixing, the slurry was transferred onto a silicon mold (of
dimension 26*21*2 cm), compacted using a vibrating shaker and air cured for 54 days. Note that
while the samples were curing, a wet burlap/hessian cloth was placed over the sample. This was
done to maintain moisture over time and to support optimal reaction condition and prevent prem-

ature / early age cracking. The sample composition used for this research is mentioned in Table

6.1.

Table 6.1 Mix design of all the geopolymer samples prepared in this study.

Binder Activator Refined Extra
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MK BC Sodium silicate Sodium NBSK fiber Extra
solution hydroxide water
(12 Molar)
Wt. Vol. Wt. Vol. ml Vol. ml Vol. Wt. Vol. | ml | Vol
% % % % % % % % %
100 86.18 0 0 28.7 |5.8 23.6 | 4.77 8 322 |- -
(150 g) (12 g)
98 83.62 2 2.6 28.7 | 5.75 23.6 | 4.73 8 3.19 |- -
(147 g) Gg (12 g
96 80.63 4 53 28.7 | 5.66 23.6 | 4.65 8 3.14 |3 0.59
(144 g) (6g) (12 g
94 78.19 6 7.8 28.7 | 5.60 23.6 | 4.61 8 3.11 |3 0.58
(141 g) 9 g) (12 g)
92 75.65 8 10.3 28.7 | 5.44 23.6 | 4.55 8 3.07 |4 0.77
(138 g) (12¢) (12 ¢
90 73.16 10 12.8 28.7 |5.48 23.6 | 4.50 8 3.04 |5 0.95
(135 g) (15¢) (12 ¢)
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6.2.3 Particle shape / size analysis

To understand the effectiveness of different mixing techniques on particle shape/ size char-
acteristics of MK-BC blends, a comparative study was conducted using conventional hand mixing
and mechanochemical ball milling. A higher concentration of BC was used in this blend (10 wt.%)
to evaluate potential challenges in combing these two fundamentally different particles together
(such as possible agglomeration, etc.). This approach provides a measure of mixing efficiency and
its implication on the microstructure of the binder material. For the hand mixed samples, both MK
and BC were combined in predetermined ratios (MK — 90 wt.% an BC — 10 wt.%) and manually
mixed using a spatula in a petri dish for 3 minutes until visual consistency was achieved. Whereas
for the ball milled samples, samples with the same ratios were placed into the planetary ball milling
jar and premixed under ideal milling conditions (refer to section 5.2.2). Once the mixing process
is complete, both the samples were analysed using a DIA from Sympatec, GMBH, Germany
(Model: QICPIC + RODOS). Measurement settings and processing algorithms were kept con-

sistent with those previously described in (Chapter 4 & 5).

6.2.4 Morphological analysis

To complement the particle shape/size analysis obtained through DIA, SEM from Field
Emission Instrument (FEI) company, USA (model: Helios Nano Lab 650) was employed to further
examine the morphological characteristics of different mixing techniques of hybrid binder blend
(MK + BC). The samples probed for SEM was same as those probed by DIA. Due to the noncon-
ductive nature of the samples, the powdered samples were coated using iridium using a sputter

coater (Model: LEICA EM MEDO020, Germany) and analyzed for their microstructure [195].
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6.2.5 Mechanical characterization

The mechanical performance (flexural strength) of FR. BEMG was evaluated by three
point bending test using a universal testing machine from Instron, USA (model: Instron 5969). The
samples were air cured for 54 days prior to testing and the tests were carried out in accordance
with ASTM C348[354], at a loading rate of 10 mm/min. This loading rate was chosen to draw a
comparison with previous studies (Chapter 3 & 4) that utilised similar conditions for FC. Note
that the specimens were tested in their original cast dimensions, with no additional cutting / trim-

ming required.

6.2.6 Microstructural characterization

Microstructural characterization via Powder X-Ray Diffraction (PXRD) using Bruker D-8
Advance X-ray diffractometer (with a Bragg-Brentano configuration) was carried out to confirm
the occurrence of geopolymerization reaction and to probe the effect of BC on the geopolymeri-
zation of FR-BEMG. The measurement parameters employed were the same as those described in
Chapter 5. The 54 day air cured FR-BEMG samples were subjected mild mechanical pulverisa-
tion, followed by sieving (following the same procedure mentioned in Chapter 5). The powdered

and sieved FR-BEMG samples were analysed for their microstructure.

6.3 LCA

A cradle to gate LCA study was carried out in accordance with ISO 14040 and ISO 14044
standards [292], to evaluate the environmental impact of fabricating FR-BEMG. The assessment
involves quantifying the potential benefits of incorporating wood -derived BC as a partial replace-

ment of MK across six different substitution levels. The functional unit of this study was defined
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as 0.05 m?of cured FR-BEMG panel with a target thickness of 2 cm, representing a standardised
volume of material that reflects the dimensions of the laboratory fabricated samples. All relevant
foreground data, including raw material extraction and conversion, core processes involved — were
derived based on the experimental procedures detailed in system boundary (see Figure 6.6(a)) .
Background data for raw materials (binder + activator) and electricity were sourced from the ecoin-
vent v3.8 database and the LCA modeling was performed using OpenLCA software. The primary
impact category assessed was GWP. The energy consumption associated with core processes, raw
material processing was assumed to be consistent with the values described in Chapter 5, (please
refer to Appendix D Figure D.6 & Table D.2, Table D.4) for more details). The sequestration
potential of the BC employed in this study was assumed to be the same as that used in Chapter
5, based on the same production process and material source. The underlying assumptions and

justifications for this values are detailed in Appendix D, Figure D.6 & Table D.2, Table D.4).

6.4 Results and Discussion

6.4.1 Particle shape/ size and morphological characterization

The shape and size of the geopolymer precursors / binder plays a critical role in determining
the reactivity, workability and packing density of the resulting geopolymer system. Prior studies
have indicated that finer and more uniform binder materials led to more efficient geopolymeriza-
tion, leading to improved matrix densification and better mechanical integrity. This is extremely
crucial to evaluate hybrid systems such as this, were, fundamentally distinct precursors are com-
bined to form geopolymer binder. To facilitate this hybrid blend, we relied on mechanochemical

processes such as planetary ball milling as a premixing step in our geopolymer fabrication step.
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Furthermore, to effectively decipher the influence of mixing technique on the dispersion/morphol-
ogy and its impact on the resulting mechanical performance, particle shape/size analysis was per-
formed on samples prepared via (a) hand mixing and (b) mechanochemical mixing using planetary
ball milling. While planetary ball milling was employed as the premixing technique in this study,
a comparative analysis with hand mixed samples was included to highlight the drawbacks of man-

ual blending in achieving desired particle homogeneity.

Figure 6.2 depicts the particle size distribution of hybrid MK-BC binders subjected to (a)
hand mixing and (b) planetary ball milling. From Figure 6.2(a), it can be observed that, the hand
mixed samples revealed a broad and multimodal particle size distribution, with a volume mean
diameter (VMD) of 38.1um. This was backed by the actual 2D DIA images Figure 6.2(c)), which
indicate presence of coarse agglomerates and irregularly shaped particles, especially at high parti-

cle size regime.
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Figure 6.2 Particle size distribution and 2D particle images of hybrid MK-BC blends, along with actual digital
images of cured geopolymer samples fabricated using two premixing technique (a -c) Hand mixing and (d-f)

mechanochemical ball-milling technique.

This non-uniformity among two fundamentally different binders could be attributed to the
differences in their particle density, surface energy and cohesion arising during hand mixing tech-
nique. Due to this, the resulting geopolymer system exhibited poor dispersion, proving to be det-
rimental for the mechanical integrity of the geopolymer samples (see Figure 6.2(b)). In contrast,
the samples processed via mechanochemical processes (i.e. ball milling), exhibited a significantly

narrow, monomodal particle size distribution with a VMD of 23.54 um (38 % reduction in VMD
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vs hand mixed samples) (see Figure 6.2(d-f)). Evidence from 2D-DIA images suggest signifi-
cantly lower agglomeration and improved particle size reduction compared to hand mixed samples.
The reason for this could be attributed to the following : In planetary ball milling process, the two
distinct binder materials are subjected to high energy collision and shear forces, which increases
particle to particle contact, which can result in surface activation via defect generation (as evi-
denced from Figure 6.2(d-f) that the particles seem to be fused upon ball milling, which introduces
defects / dislocations in their surfaces, which increases their surface reactivity). The effect of this
enhanced dispersion between binders as a result of ball milling, resulted in the formation of a stable

geopolymer sample (see Figure 6.2(d)).

Now, in order to gain further insight into the microstructural attributes of these hybrid
binders, particle morphology was analyzed using DIA (for particle shape analysis) and SEM. Fig-
ure 6.3(a), iterates the variation of hybrid binder shape w.r.t increasing particle size subjected to
different mixing techniques discussed in this chapter. Note that the shape descriptor evaluated for
this study is the binder aspect ratio (in this context, aspect ratio is derived from the fractal dimen-
sions, defined as the ratio of maximum to minimum fret diameter of a particle, which serves as a
indicator of particle elongation and shape irregularity. More details regarding the computation of
these shape descriptors are elaborated in Chapter 4. As observed from Figure 6.3, the hand mixed
samples displayed a broader and a more scattered distribution of aspect ratios, particularly for
larger particle sizes (> 150 um), indicating the presence of irregularly / elongated shaped particles,
giving rise to a non-uniform mixture. Whereas in the case of ball milled samples, morphological
analysis demonstrated a relatively uniform aspect ratio variation with increasing particle size,

mostly centered around (0.7-0.8), which is characteristic of a rounder and more uniform particle
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blend leading to a more homogeneous and interfacial blending of binder mixture. These results are
indicative of the critical role of employing a mechanochemical process such as ball milling to

integrate physiochemically distant species together for various applications.
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Figure 6.3 DIA based particle shape analysis and morphological analysis of hybrid geopolymer precursor
blended using two premixing techniques: hand mixed (MK_BC_HM) and ballmilled (MK_BC_BM) (a) varia-
tion of shape descriptor (aspect ratio in this case) with increasing particle size (b) SEM micrographs depicting
the microstructure of both premixed samples. Note that the orange arrow indicates the coarser BC particles in the

microstructure.

Furthermore, the SEM micrographs presented in Figure 6.3(b,c) further substantiate the observa-
tions made from DIA. From Figure 6.3(b), the hand mixed binder samples, exhibit coarse, irreg-
ularly shaped and agglomerated chunks of both MK and BC particles (marked by orange arrow).
Additionally, a significant disparity exists between particle sizes, severely affecting dispersion and

reactivity of these binder materials. On the other hand, the SEM images pertaining to ball milled
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binders (Figure 6.3(¢)) exhibited better compatibility between two distinct binder materials, with
fewer large/elongated fragments and higher percentage of uniformly distributed particles, leading
to more homogeneous mixture, once again iterating the enormous potential of mechanochemical

processing in cement/ geopolymer applications.

6.4.2 Mechanical characterization
Role of BC supplementation on the flexural strength and specific strength of FR-BEMG.
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Figure 6.4 Mechanical characterization of (54 day cured) FR-BEMG as a function of BC content depicting (a)

MOR and (b) specific strength (mean MOR normalized by overall density of the geopolymer).

Evaluating the mechanical performance of geopolymer system is critical as it dictates the viability
of these materials to be employed for both structural and non-structural composites — particularly
when incorporating additive/ admixtures such a BC, which inherently exhibit a high degree of
variability due to their heterogeneous nature. Among various mechanical properties, flexural

strength is of critical importance in our context, as the targeted application include non-structural
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application such as for use as external claddings/ partition walls / facades etc., which are more
prone to bending failure than compression, making it’s a key design criterion for ensuring en-

hanced shelf life.

Figure 6.4(a) depicts the variation of flexural strength and specific strength as a function
of increasing BC content. The control specimen (without BC) serves as a base line for this com-
parison and exhibited a mean MOR of about 13.6 MPa. Now as the BC content increased, the
MOR values remained more or less independent, with a slight increase to 15.4 MPa at 10 wt.%
BC addition (demonstrating a 12 % increase vs control). Furthermore, it may be noted that the
error margins increased at high BC content (possibly due to heterogeneity of BC particles) indi-
cating the statistical similarity in flexural strength among all samples. However, the retention of
flexural strength, despite supplementing the primary binder (i.e., MK) upto 10wt.%, showcases
the enormous potential of BC as a viable, low-carbon geopolymer precursor. This maintained
MOR could be attributed to microstructural improvement such as matrix densification and im-
proved fiber -matrix bonding, likely due to the micro filler effect of BC. Similar effects were ob-
served with the addition of BC in FC in our previous chapter (Chapter 5). Now, increasing the
BC content beyond 10 wt.%, it was difficult to evaluate the mechanical performance due to geo-
polymer formulation challenges, such as high-water demand and poor dispersion (which is typical
of MK based geopolymer system [350]). As such 10 wt.% was identified as the critical BC con-

centration, which yielded the best flexural strength without jeopardizing workability.

Additionally, Figure 6.4(b) indicates the variation of specific strength (i.e., MOR normalized by
density of the geopolymer sample) as a function of increasing BC content. From Figure 6.4(b), it

can be observed that, unlike the trends observed with MOR, specific strength exhibited a moderate
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increase with increasing BC content. This outcome was expected due to the relatively lower den-
sity of BC (compared to MK), which reduces the overall density of the geopolymer system. Addi-
tionally, since the magnitude of MOR remained relatively independent with BC supplementation
(with slight increase observed at high dosages) across all samples. The rise of specific strength
was dictated by density reduction effect of BC, upon its incorporation into the geopolymer matrix.
This property is particularly useful, especially for use in high rise applications, where minimizing

the dead load, without compromising the composites mechanical integrity becomes critical.

6.4.3 Microstructural characterization

Probing geopolymerization of FR-BEMG via PXRD

PXRD was conducted to confirm the geopolymerization of FR_ BEMG composites and to probe
structural evolution (if any) due to the incorporation of BC. As observed from Figure 6.5, PXRD
analysis was conducted for 4 samples —raw MK and three geopolymer binders supplemented with
0, 6 and 12wt.% of BC. From Figure 6.6, the raw MK exhibited sharp reflection peaks, primarily
arising from quartz (at 26 = 20.8°, 26.6°) and a broad amorphous hump located between 26 =~ 15°-

25° [355-358].

This amorphous hump arises due to the dehydroxylation of anhydrous kaolinite upon calcination
at high temperatures to produce MK [358]. In addition to this, PXRD of MK also shows weak
reflection peaks corresponding to phases such as anatase, muscovite, Illite and albite, which are
often present in kaolinite as impurities. Now, upon alkali activation, the MK-BC system undergoes

geopolymerization. The alkali activators (blend of sodium silicate + 12 M NaOH) serve two pur-
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poses. Sodium hydroxide creates an alkaline environment that facilitates the dissolution of alumi-

nosilicate structure of MK, releasing reactive silicate and aluminate species into the pore solution

[359-362].
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Figure 6.5 Microstructural characterization of FR-BEMG depicting the representative PXRD diffractograms
and phase ID of (a) raw MK and FR-BEMG at (b) intermediate (MK_BC-6) and high (BC_BM-10) dosages.
The PDF number associated with the identified phases are as follows: Quartz (00-046-1045), muscovite (00-05-2035),

Anatase (01-084-1285), Ilite (00-026-0911) and Albite (00-009-0466).

It may be noted that the dissolution of aluminosilicate is highly influenced by the concentration of
NaOH — with higher molarities enhancing the dissolution capacity [363]. Previous studies have
reported alkali activation, utilizing upto 18 Molar NaOH [364], however considering the presence
of NBSK fibers as a reinforcement in our system and its susceptibility to alkaline medium, we
refrained from going beyond 12 Molar concentration. At this juncture the sodium silicate present

in the activator supplies additional soluble silica, that is necessary for the subsequent steps, such
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as polycondensation reaction [365]. The next step in geopolymerization involves rearrangement
and transportation of dissolved species. After the dissolution phase, these species undergo a reor-
ientation or rearrangement process, which sets the stage for the formation of geopolymer network
[366]. Now, a variety of factors can influence this rearrangement process (concentration and ratio
of activator, Si/Al ratio of the geopolymer precursor etc.,) however the exact mechanism or the
critical parameter that governs this effect is not well documented in literature and always talked
about with a certain degree of uncertainty or skepticism. After rearrangement state, these species
undergo polycondensation reaction (eliminating water as a by product) via shared oxygen atom to
form Si-O-Al & Si-O-Si bonds [149,153,154] This process results in the formation of a continuous,

amorphous aluminosilicate network (i.e., the geopolymer matrix).

Now, as the polycondensation reaction proceeds, the oligomer species formed, further
link to create a three-dimensional network comprising repeated units of SiO4 and AlO4 tetrahedra,
connected via shared oxygen atom. The sodium ions from the activator help balance the negative
charge associated with the repeated units, stabilizes the structure and forms the primary binding
phase termed as sodium alumino silicate hydrate (N-A-S-H) gel [362,367,368]. These transfor-
mations as a result of the geopolymerization are evident in the PXRD pattern (Figure 6.5) through
a reduction in crystalline quartz peak intensity, followed by a shift and broadening of the amor-
phous hump towards 20 = 25° - 35° (vs PXRD spectrum of raw MK), which is typical of geopol-

ymer gel formation, confirming geopolymerization reaction [355-357].

Notably, the supplementation of BC at intermediate (6wt.%) and high concentration (12

wt.%) did not contribute to any detectable changes in the PXRD patterns and remained similar to
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what was observed with the PXRD of control. However, we do not completely exclude ethe pos-
sibility of subtle chemical/microstructural changes due to the supplementation of BC and may
require further investigation to effectively probe these effects, which is beyond the scope of this
work. Additionally, geopolymer reaction product (i.e., N-A-S-H) formed is highly amorphous in
nature, therefore its quantification, w.r.t increasing BC content remains hard to probe, due to the

limitation of XRD technique in quantifying amorphous phases.

Moreover, it is important to emphasize that PXRD patterns of geopolymer systems were
devoid of calcite, portlandite or C-A-S-H formation, despite the supplemented BC contains rela-
tively high proportions of CaO, which characterizes these materials as geopolymer system instead

of AAM [148].

6.4.4 Life cycle impact analysis

Role of FR-BEMG on the COz footprint

The environmental impact of utilizing hybrid geopolymer binder precursors was evaluated by a
cradle to gate life cycle impact assessment. Figure 6.6(a) depicts the system boundary adopted
for this analysis and encompasses all processes involved in the geopolymer fabrication, starting
from raw material extraction, conversion and processing (includes both binder and activator) to
core process involved (such as mixing , compaction , casting and curing). The background infor-
mation regarding the raw materials, were taken from ecoinvent database. The functional unit was

fixed at 0.05 m? of the fabricated geopolymer.

Figure 6.6(b) depicts the life cycle impact assessment, indicating the net emission related to

geopolymer fabrication, the impact of BC substitution and the reduction in net emission due to
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decrease in MK content. Although the emissions related to alkaline activators and MK remains
the largest contributor to total GWP, partial replacement of MK with BC significantly offsets these
emissions through carbon sequestration. Considering these results, the 10 wt.% BC-substituted
geopolymer offered the greatest environmental benefit (19% reduction) and highest mechanical

performance (12% increase in MOR) compared to the control.
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Figure 6.6 Figure Cradle to gate LCA of FR_BEMG depicting (a) system boundary adapted to incorporate all
the processing steps involved in laboratory scale processing (starting from raw material extra and conversion
to core process involved for the production of 0.05 m2 (functional unit) of geopolymer sample) and (b) GWP

per sample as a function of BC content, indicating contributions BC carbon sequestration and MK replace-

ment.

Additionally, the GWP of commercial FC board (Hardie VL Plank) , presented in Chapter
5 was normalised to match the functional unit and dimensions of the FR-BEMG sample, resulting
in a corrected GWP of 1.37 kg CO»;-eq for the commercial sample — representing a reduction of
approximately 95% in GWP compared to the FR-BEMG sample (0.06315 kg CO2-eq). These find-

ings emphasize the dual characteristics of BC in reducing GWP, whilst maintaining the structural
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integrity of the geopolymer system, thus paving the way for the development of green construction

materials.

6.5 Conclusion

This study investigated the development and characterization of FR-BEMG. The key findings are

as follows:

The process of ball milling was a critical step in combining two fundamentally distinct
binder materials together thereby ensuring optimum particle shape and size. This is critical
to impart good mechanical integrity to the resulting geopolymer (as evidenced with the
hand mixed samples, which resulted in poor dispersion, resulting in poor mechanical in-
tegrity/incomplete geopolymerization due to increased porosity and other issues).

Results from mechanical characterization revealed that the MOR remained relatively inde-
pendent of the BC content (exhibited a range around (13 -16 MPa) for all samples, whereas
the specific strength of the FC moderately increased with BC addition. This could be at-
tributed to the low density of calcined clay — capable of significantly reducing the density
of the FR-BEMG (compared to OPC, which posses’ high density).

PXRD analysis confirmed the geopolymerization process. This was characterized by a
broad hump around 26 = 25° - 35° in the PXRD spectrum of all MK geopolymer samples
(with/without BC), which was absent in the PXRD of geopolymer precursor (i.e., MK). No
changes in the PXRD spectrum were observed with the incorporation of BC, indicating its

limited/no influence on the geopolymerization process.
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e C(Cradle to gate LCA analysis revealed that incorporating BC into FR-BEMG system, sig-
nificantly reduced the GWP impact (with 10wt.% substitution resulting in a reduction of
GWP by 19%). Additionally, when compared to GWP of commercial FC (OPC based) the
FR-BEMG demonstrated a substantially lower carbon footprint (= 95% reduction in GWP

for FR-BEMG), underlying its immense potential as an alternative construction material.
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Chapter 7: Conclusions and Recommendations

7.1 Conclusion

This thesis presents a comprehensive approach to decarbonizing FC composites by inno-
vating both the reinforcing / additive constituent and the binder system. In the first approach
(Chapter 3 & 4), cellulose based additives — including CNCs, MCC, and AC were introduced as
sustainable alternatives to synthetic cement admixtures. These additives enhanced rheological
properties such as shear thinning behaviour, static yield stress and influenced hydration kinetics

through their interaction with water and intrinsic physicochemical characteristics.

CNCs exhibited a content depended effect on hydration kinetics: at low contents (< 2wt.%),
they delayed hydration, while at higher contents (> 2wt.%), they accelerated cement hydration —
likely due to improved water accessibility and surface—mediated transport mechanisms. MCC and
AC emerged as cost effective alternatives to CNCs. While both contributed to enhanced flexural
strength, AC uniquely improved post-crack toughness and ductility, which is attributed to its mi-
crofibrillar morphology that facilitated improved fiber matrix interaction and efficient load trans-
fer. In contrast, MCC increased composite brittleness. Although CNCs and MCC achieved higher

peak strengths, they did not enhance post—peak toughness, as confirmed by stress—strain analysis.

In the second approach (Chapter 5 & 6), the thesis focused on matrix decarbonization by
incorporating BC both as a partial cement replacement in OPC based systems and as a functional
component in alkali activated (geopolymer) binders. Rheological investigations revealed that the
inclusion of BC significantly improved the static yield stress and enhanced time dependent thixo-

tropic behaviour, thereby improving workability and handling time during mixing and casting.
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These improvements were attributed to a synergistic combination of chemical interactions between
BC and the cementitious matrix, as well as the formation of a weak network structure arising from

early age cement hydration and along with physical effects such as fiber entanglement.

Microstructural and spectroscopic analysis confirmed that BC contributed to improved hy-
dration and matrix densification through both filler effects and chemical interactions. Notably,
BC’s porous structure and surface functional groups provided additional water — accessible sur-
faces and acted as potential nucleation sites for hydration products to develop — improving hydra-
tion kinetics and contributing to matrix refinement. LCA further supported the environmental vi-
ability of this approach, with 8wt.% BC replacement reduced the GWP by 18 % (compared to a
pure cementitious system), with only a 4.2% increase in fabrication cost — offset by gains in sus-
tainability and specific strength. The reduction in composite density with increasing BC content
led to the development of lightweight FC systems with enhanced specific strength, although a
moderate increase in brittleness was observed at higher dosages due to reduced post cracking de-

formation.

In the final chapter (Chapter 6, a cement free geopolymer binder system was developed
using wood derived BC and MK that were premixed via planetary ball milling and subsequently
reinforced with softwood kraft fibers. The composite system achieved flexural strength in the
range of 13—15 MPa, representing a significant enhancement over conventional cement based
counterparts in this study, which exhibited flexural strength 6—10 MPa. The mechanochemical
premixing process effectively modified the surface characteristics of BC, improving its physico-
chemical characteristics thereby improving its compatibility and reactivity within the alkali-acti-

vated matrix.
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In summary, this thesis provides a dual strategy to engineer low-carbon, high performance
FC composites by integrating renewable reinforcements with tailored binder chemistry. The out-
comes demonstrate that by utilising cellulosic additives and BC based systems can improve work-
ability, enhance strength, modify stress-strain response, and reduce environmental impact, offering

a viable pathway toward sustainable construction materials.

7.2 Final remarks

As a concluding remark, correlation plot (Figure 7.1) provides a comparative understand-
ing of the relationship between flexural strength and density for both conventional OPC based FC

systems and the alternative geopolymer based system.
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Figure 7.1 Correlation plot depicting the variation in MOR as a function of FC density, for samples developed
in this study, including OPC based systems modified using cellulosic additives and BC and MK based geopol-
ymer system enhanced with BC. This plot also includes a commercial standard (Hardie® Plank) for bench-

marking. This density-based clustering system allows for material classification across various application do-

mains.

On the right (see Figure 7.1), OPC based FC enhanced with various strategies (such as
reinforcement/ additive modifications with CNCs, MCC and AC) and (matrix modification with
the use of BC as SCMs) are represented — which cluster in the high density domain (= 1000 to
1300 kg/m?), with MOR (ranging from = 6 — 11 MPa). Notably, these results (both MOR and
density) obtained were in close proximity (or even higher in some cases) with the commercial

standard (Hardie® Plank, included in the cluster) — acting as a valuable benchmark for gauging
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the industrial relevance of the samples explored in this thesis. These results are extremely signifi-
cant as they demonstrate that, critical FC performance can be retained or improved while enhanc-
ing sustainability (replating conventional petrochemical/silica based additives with cellulosic ad-
ditives) and reducing the CO> footprint (through the incorporation of waste derived BC as a SCMs)

in FC — further reinforces the immense potential for innovation in OPC based system:s.

To complement these advancements within OPC based systems, transitioning into geopol-
ymer based system offers a promising solution that pushes the existing boundaries for the innova-
tion of lightweight high performance low-carbon designs (see Figure 7.1). The system comprising
of hybrid (MK + BC ) geopolymer precursor activated by Na,SiO3 and 12 M NaOH — exhibited
superior MOR (in the range of = 13 -16 MPa) at substantially lower densities (= 450 kg/m?) —
highlighting its immense potential as a low embodied carbon, high performance (high specific
strength) alternative to traditional OPC based FC. Despite, these substantial improvements, wide-
spread adoption of geopolymer system , is constraint by both regulatory and standardization re-
quirements. However, this thesis identifies viable pathways in both domains — enhancing sustain-
ability and reducing GWP impact of existing OPC based system for imminent scalable interven-
tions as well as advancing geopolymer technologies for the development of future ready sustaina-

ble / low-carbon construction material.

7.3 Limitations

While this thesis demonstrates promising approaches for decarbonizing and improving, the

sustainability of FC, several limitations must be acknowledged:
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One of the key challenges, in transition to biobased / sustainable additives such as CNCs,
MCC or AC, possess challenges in terms of cost and availability. Petrochemical / silica-
based additives on the other hand are more easily available and lower in cost, which may
cause issues related to scalability and limited regional accessibility.

The long terms durability and performance of FC containing nano/micro cellulosic additive
in the highly alkaline environment of cementitious matrices also remain an area of concern.
Cellulosic additives employed in this research, though crystalline, may still be susceptible
to degradation over time, affecting the integrity and longevity of composite.

BC, while effective as a partial cement substitute, also suffers variability in terms of its
physicochemical properties, driven primarily by its biomass source and processing param-
eters (pyrolysis conditions). This variability could pose problems related to establishing
standard usage guidelines and ensuring consistent and reproducible performance.

With regards to complete OPC replacement with geopolymer systems, issues arise regard-
ing the consistent supply and quality of precursors such as MK. Its availability is often
geographically limited to regions with suitable clay deposits (in terms of quantity and per-
mission /government policies w.r.t to open pit mining, that can have environmental impli-
cations). In addition to this, variations in the purity of kaolinite and calcination conditions,
can significantly affect the reactivity and consistency of MK, posing challenges in stand-
ardization and achieving uniform/ consistent performance across geopolymer mixes.
While rheological and mechanical characteristics of FC with the incorporation of additives
and SCMs were extensively studied in his thesis, their practical/ real world use case sce-

nario requires us to evaluate critical properties such as fire resistance, acoustic properties
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— especially when these are employed for non-structural applications such as external clad-
dings, partition walls etc.

To translate these findings into more structural applications, such as concrete, further in-
depth research and validation is essential. This is because unlike non-structural materials,
load bearing application are governed by strict design codes and performance standards,
which requires formulation that fits well within the well-defined boundaries/ guidelines of
workability, hydration and strength development — therefore extensive benchmarking, test-

ing and certification is essential.

7.4 Future direction

Building upon the findings from this Theis, several important research directions can be pur-

sued for development, such as:

Though cost/ performance metric was evaluated for the incorporation of cellulosic addi-
tives in FC, its sustainability aspect is yet to be investigated. Therefore, conducting an in
depth LCA would be critical to draw a comparison between performance and sustainability
between various cellulosic additives employed in this study.

Despite in depth rheo-mechanical studies were investigated in this thesis, the durability of
FC containing cellulosic additives and waste biomasses, subjected to wet/dry and freeze
thaw cycle, still remains an area of concern and requires in depth investigations.

The rheological characterization of FR-BEMG system (such as yield stress, thixotropy) are

critical in the context of geopolymer Synthesis and need extensive investigation.
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e Development of standardized testing protocols and regulatory frameworks of these systems
will be essential for widespread adoption of these technologies as a mainstream low-carbon
construction material.

¢ Finally, transitioning these findings to more structural / load bearing applications requires
further investigation to evaluate its load bearing capacity (such as extensive compressive
testing) and resistance to environmental degradation (such as sulphate attacks, chloride ion

permeability etc.) are critical.

Put together, the insights gained from this thesis provide a strong platform for continued
exploration and development of low-carbon sustainable construction materials — critical step
towards decarbonizing cement industry and achieving global net-zero emissions target by

2050.
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Appendices

Appendix A Physiochemical properties of all the raw materials employed in this thesis

Table A.1 General Composition of OPC [369].

Clinker Phases Quantity (%)
Tricalcium silicates (C3S) 30-55
Dicalcium silicates (C»S) 20-50
Tricalcium aluminate (C3A) 7-12
Tetracalcium aluminoferrite (C4AF) 6-11

Table A.2 Physio-chemical properties of OPC (procured from Lafarge, Canada) used for this research
[370].

Components Quantity (%)
Limestone <15
Gypsum 2-10
Magnesium Oxide <4
Quartz <0.2
Physiochemical properties
Physical state Solid
Color Gray, off white or white powder
PH 12 -13 (in water)
Boiling point > 1000 °C
Specific Gravity 3.15 (water = 1)

Table A.3 Properties of cellulose nanocrystals (CNC), which was procured from the product develop-

ment center, University of Maine, USA) for this research.[91].

Properties

Appearance White / off white
Density 1.5 g/cm®
Width 5-20 nm
Length 150 — 200 nm
Aspect ratio 10-30
Sulphur content (in 0.85 wt.% Sulphur
dry CNCs)

Solid content 98% dry powder

Table A.4 Properties of NBSK pulp [191,371].

Properties

Species Lodgepole pine — Pinus contorta, white spruce — Picea glauca, Sub—alpine
fir—Abies lasiocarpa

Bleaching Process ECF
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Bleaching sequence DEopDErD

The bleaching process, ECF stands for Enhanced — Elemental chlorine free. And the beaching sequence,
DEopDEpD stands for D- Chlorine dioxide reacts with pulp in acidic medium. E — Dissolution of reaction
product with oxygen. O- Molecular oxygen reacts with pulp in alkaline medium at high pressure. P — Per-

oxide reacts with pulp in alkaline medium.

Table A.5 Refined (PFI mill) properties of NBSK fiber used for this research.

Properties

Revolutions 4500
Coarseness 0.157 mg/m
Freeness 621.3 ml
Curl Index 0.184
(Length weighted)

Kink Index 2.11 (1/mm)
Total Kink angle 71.88 Degrees
Kinks /mm 0.94 (1/mm)

Table A.6 Physical properties of the commercial PCEs based superplasticizer, that is, poly (acrylamide-

co-acrylic acid) partial sodium salt.

Appearance White to off white
Molecular weight (kDa) M, 520

My 150
Viscosity (cP) 25 °C 150-700
Particle size (um) 150.05

Table A.7 Physiochemical properties of Avicel® Ph 101 (procured from sigma Aldrich, Canada) used for
this research [372].

Properties

CAS number 9004-34-6
Appearance White, powder
Moisture content 3-5%
Loose bulk density 0.26-0.31 gem'!
BET surface area 1220 m¥kg
PH 55-17.0
Degree of polymerization NMT 350 units
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Table A.8 Physiochemical properties of Alpha cellulose (sigma Aldrich, Canada) used for this research.

Properties

CAS number 9004 -34 -6

Source Plant

Appearance White / off white (fiber) powder
Bulk density 5.6 —6.8 cc/g

Table A. 9 Physical properties of BC sourced from BC Biocarbon, used in this research [373].

Properties

Brand name Black bear BC
Source Wood forest residues
pH 9

Dry density (g/cm®) 0.223

Size (cub sized) <2 mm
Pyrolysis temperature (°C) 600 — 800

Table A.10 Trace elemental analysis of BC used in this research measured using Ash content and X-Ray

fluorescence.
Elements Ash content (%) X — Ray fluorescence
(ASTM D4326)
(wt.%)
SiO, 24.02 28.57
AL O3 8.30 4.60
TiO; 0.36 0.28
Fe O3 14.80 13.93
CaO 28.06 22.33
MgO 7.48 4.67
Na,O 2.10 0.96
KO 7.73 8.20
P20s 1.96 1.630
SO; 2.35 0.86
Undetected 2.85 -

BaO - 0.157
SrO - 0.109
V205 - 0.008
NiO - 0.013
MnO - 1.280
Cr03 - 0.022
CuO - 0.04
ZnO - 0.11
Loss of fusion - 12.23
Sum - 100

214



Table A.11 Trace metal analysis of BC sample measured using inductively coupled plasma mass spectros-

copy (ICPMS).

Elements Results RL Units

Aluminum 65 40 mg/kg dry
Antimony <0.1 0.1 mg/kg dry
Arsenic <0.30 0.3 mg/kg dry
Barium 7.5 1 mg/kg dry
Beryllium <0.1 0.1 mg/kg dry
Bismuth <0.1 0.1 mg/kg dry
Boron 4.4 2.0 mg/kg dry
Cadmium <0.04 0.04 mg/kg dry
Calcium 2280 100 mg/kg dry
Chromium 4.3 1 mg/kg dry
Cobalt 0.2 0.1 mg/kg dry
Copper 1.27 0.4 mg/kg dry
Iron 461 20 mg/kg dry
Lead 0.48 0.2 mg/kg dry
Lithium 0.13 0.1 mg/kg dry
Magnesium 122 10 mg/kg dry
Manganese 36.1 0.4 mg/kg dry
Mercury <0.04 0.04 mg/kg dry
Molybdenum 2.44 0.10 mg/kg dry
Nickel 7.09 0.60 mg/kg dry
Phosphorus 86 10 mg/kg dry
Potassium 904 40 mg/kg dry
Selenium <0.20 0.20 mg/kg dry
Silver <0.10 0.10 mg/kg dry
Sodium <50 50 mg/kg dry
Strontium 10.1 0.20 mg/kg dry
Sulfur <1000 1000 mg/kg dry
Tellurium <0.10 0.10 mg/kg dry
Thallium <0.10 0.10 mg/kg dry
Thorium <0.50 0.50 mg/kg dry
Tin 0.34 0.20 mg/kg dry
Titanium 2.4 1.0 mg/kg dry
Tungsten <0.20 0.20 mg/kg dry
Uranium <0.050 0.050 mg/kg dry
Vanadium <1.0 1 mg/kg dry
Zinc 53 2 mg/kg dry
Zirconium <2.0 2 mg/kg dry

*Note that the samples were digested using (HNO3z + HCL , block digestion) prior to ICPMS analysis.
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Table A.12 Chemical composition of high reactivity MK (HRM) binder (PowerPozzTM), manufactured
by Advanced Cement Technologies, LLC (ACT), USA [372].

Chemical composition Wt.%
Si0, 52.4
AlLOs 42.1-443
Fe,0s3 0.30-0.50
TiO, 1.56 —2.50

Table A.13 Physiochemical properties of HRM (PowerPozz™), procured from ACT, USA [374].

Properties

Physical form Amorphous
Specific gravity 2.2

Color Cream white
Bulk density 0.288 - 0.35 g/cm’®
pH 4.0

BET 20 m?/g
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Figure A.1 Particle size distribution (measured via laser diffraction) of all the cementitious binder material
used in this thesis (i.e., cement and MK). Note that particle size of SF was also measured, to obtain a
comparative measure of how the particle size varies between different cementitious binders (SF was not
used as a binder in this thesis).
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Appendix B Chapter 3 supplementary materials
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Figure B.1 Schematic illustration of the fiber-reinforced cement composites containing additives
(CNCs/PCE).
Table B.1 Power law fit (shear-thinning regime) parameters based on rheological characterization

(viscosity versus shear rate) of the FC slurry (non-Newtonian fluids) containing additives

(CNCs/PCEs).

Additive Consistency | Flow index R? Fit Consistency | Flow index R? Fit
content Coefficient | ‘n’ (CNCs) (CNCs) Coefficient ‘n’ (PCEs) (PCEs)
(Wt%) ‘m’ (CNCs) ‘m’ (PCEs)

0 3.424 0.5608 0.9985 3.424 0.5608 0.9985
0.02 4.838 0.5388 0.9989 4.568 0.553 0.995
0.06 4.995 0.5272 0.9931 4.356 0.5984 0.9972

0.2 6.747 0.519 0.9975 7.606 0.6189 0.9973
0.6 8.195 0.5127 0.9996 8.61 0.6293 0.9978

1 11.29 0.4958 0.9945 7.072 0.6383 0.9998

2 53.45 0.2789 0.9962 8.613 0.6586 0.9998

3 107.4 0.184 0.9189 7.731 0.6819 0.9991

4 113.2 0.1787 0.9554 16.53 0.7187 0.9998
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B.1  Rheological characterization (OPC paste)

In general, cement paste does exhibit both shear thinning and shear thickening behaviour. However, the
extent of this behaviour is dependent on the cement composition, which includes C,S (Belite), C3S (Alite),
Calcium sulfates, Gypsum, C;A and C4AF, to name a few, and process parameters, which includes, w/c

ratio, mixing time, and curing time [375].
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Figure B.2 Rheological characterization of OPC pastes without any reinforcing bleached fiber and
additive. Variation of viscosity as a function of shear rate. Note that a water/cement ratio of 0.5 (used
in this study) was employed for testing the steady state viscometry of OPC paste.

It is important to note that in the compositional paradigm, Gypsum is an important component in OPC that
is added to delay cement setting. However, in the absence of Gypsum cement would rapidly set, causing
excessive cracking and loss of strength to the cured cementitious material. Furthermore, excessive gypsum
could cause shear thickening behaviour in cement pastes due to the formation of a large amount of plaster
set, due to the presence of anhydrite gypsum in the cement and a higher water-cement will free up the
spaces between cement particles hence contribute to shear thinning effects [375].

Regarding the process parameter, for water-to-cement ratio of 0.5 (used in this study) the viscosity vs shear
rate plot for cement pastes does indicate a shear thinning. However, the addition of pulp fibers increases
the “pot life” of the FC system, which means keeping the viscosities of the FC paste in a usable regime
(prevent the rapid increase of viscosities with time). In other words, it increases the handling time of the

FC pastes.
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In addition to this, the shear thinning effect of the cement pastes is improved with the addition of pulp fibers
as fiber flocks tend to break down and align in the direction of shear, resulting in decreased viscosity with
the increase in shear rate [198].

B.2 Mechanical characterization

Table B.2 Mechanical characterization of cured cementitious sample based on the three-point bend-

ing tests.
Cured Sample (cement board) MOR Standard Deviation (S.D)
OPC (without reinforcement and 4.8 0.81
additive)
FC_CNCs(5)wt.% (reinforced 5.38 0.998
and with additive)

Calculated MOR values of the OPC and FC board (thickness: ca. § mm). OPC board does not contain any
reinforcing pulp fibers and additives while the FC board contains 8 wt.% of pulp fiber (reinforcement) and
5 wt.% CNCs (additive).

B.3 Microstructural characterization

Field emission—-SEM (FE-SEM)

Figure B.3 FE-SEM images of FC interface (from low to high magnification (Figure S3 (a-c)), rep-

resenting the FC interfaces containing CNCs.
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Figure B.4 FE-SEM micrograph of fiber—CNCs interface. The image depicts voids (pores) filling
effect (indicated by the blue arrow) of CNCs deposited to the bleached pulp fiber. The unfilled void
(pore) of the pulp fibers is indicated by the yellow arrow.
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Appendix C Chapter 4 supplementary materials

Table C.1 The yield stress and MOR values of FC paste containing varying proportions of NBSK

fibers and cellulose nanocrystals (CNCs). * Indicates that the value was obtained from the current

study.
Sample name MOR (MPa) Yield stress (Pa) NBSK con- CNC con-
tent tent
(wt.%) (wt.%)
FC NBSK 10% CNCs 2% 8.2 [243] 68* 10 2
FC _NBSK 8% CNCs 4% 8.5 [243] 74%* 8 4

Figure C.1 Image of FC sample containing 10 wt.% MCC content and 2 wt.% NBSK fibers. Note

that the samples cracked within one day of curing.

MCC

0-50 50-100 100-150 150-200

pm pm pm pm
L]
L d
[ d
-
>
L
-
L J

DY Y e R R O P T R AN Y AT I T e T Y AR AV RN
e NPIseImssaN e me N N imssstwant oV forlooronne
edeV /) Iretle/0nnsope~anionsscccre

P A R I A L P I P T T T RS P Y DT T T P9y
feqrevarvoo\oiorossoot e /tnesvenaitomrru/ree

28007000000\ 0\ 0 miaPe s i te NP0 A \Nt

sestene e re s eransnvanseiosencim\ioanelierrancee
AYNGBee/ s mamsAwIvlTalnZ\Ne/o Vo ~sroso onils

Figure C.2 A digital mosaic of individual MCC particle in motion as a function of particle size. Image

captured during the DIA measurement.
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Figure C.3 Representative PXRD diffractograms of micro-additives (AC and MCC) employed for
this study computed using two different configuration modes (a) Parallel beam (PB) and (b) Bragg-

Brentano configurations respectively.

Table C.2 Crystallinity index (Cri) of AC and MCC, calculated using Segal’s method [376].

Additives Crystallinity index (CI) % Crystallinity index (CI) %
(PB configuration) (BB configuration)
AC 67.4% 67.1 %
MCC 79.62% 78.57%

The calculated CI values were in accordance reported in literatures [377-380].
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C.1  Rheological characterization
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Figure C.4 Steady-state viscometry of FC slurry. The steady-state viscometry analysis of FC samples
containing varying proportions of reinforcing fibers and microcellulosic materials (a) NBSK fibers
(b) NBSK and AC (c) NBSK and MCC, which are denoted as combination 1 and combination 2,
respectively. Note that the dotted arrow tentatively depicts the boundaries of the constant viscosity
region (observed with the addition of MCC in FC slurry).

Figure C.4 represents the evolution of shear viscosity by shear rate, under steady-state viscometry.
As observed, in the case of all cement pastes, they follow a shear-thinning behaviour [243]. Under high
shear rates, the difference between shear viscosities of all formulations is minimal and they all reach a
plateau. This is useful for applications where the slurry needs to be agitated at a high speed (e.g., >1000
rpm for pumping application of cement slurry) and an estimate of shear viscosity is required for determining
the mixing requirements (factors such as binder ratio, water/cement ratio, content of fibers/additives)
[255,381].

Under low shear rates, the shear viscosity of the FC slurry increased as a function of the content of
NBSK (from 2—-12wt.%), AC, and MCC (from 2-8wt.%) as displayed in Figure C.4(a-c) respectively.
Such behaviour was also observed with the addition of CNCs in FC slurry [243]. Note that, unlike NBSK
fibers and AC, when MCC was added, the shear viscosity plot did not manifest a shear-thinning plot fol-
lowed by the plateau in viscosity. Interestingly, the slurries follow a three-region shear-thinning flow, fol-
lowed by a constant shear viscosity, which was previously reported for the case of biobased colloidal sus-
pensions [382], emulsions [383], and slurries [384] (for e.g. CNC suspension/colloids in water) [385]. Now,
in some of these systems, aggregation of the agglomerates and their following de-aggregation under shear

forces would introduce secondary shear-thinning behaviours in the viscosity plots [384].
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C.2

Microstructural characterization
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Figure C.5 Hydration products characterization. Powder X- Ray diffractogram (PXRD) of (a) OPC

clinker phases (b) and (c) representative FC sample containing both combinations, depicting their

OPC hydration products.

The powder diffraction file (PDF) number associated with the OPC clinker phases and FC hydration prod-
ucts (as obtained from ICSD database) is as follows: Alite (00-055-0738), Belite (00-033-0302), Gypsum
(01-074-1905), Tricalcium aluminate (01-074-7039), Brownmillerite (01-074-3674), Silica (01-071-0261),
calcite (01-086-2334), portlandite (00-001-1079), Ettringite (01-075-7554).

Table C. 3 The table depicting the material cost (reinforcement/additive) for fabricating all the FC

samples used in this research.

Sample ID NBSK fibers w/c Additive Cost of rein- Cost of Total
(wt.% of cement) | ratio (wt.% of cement) forcement additive Cost
(USD/g) (USD/g) (USD)
| Without additive
AC MCC
NBSK 2% 2(8.4¢) 0.5 - - 0.003 - 0.02
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NBSK 4% 4(16.8 g) 0.5 - - 0.003 - 0.05
NBSK 6% 6252 ¢g) 0.5 - - 0.003 - 0.07
NBSK 8% 8(336¢g 0.5 - - 0.003 - 0.1
NBSK 10% 10 (42 g) 0.5 - - 0.003 - 0.12
NBSK 12% 12 (50.4 g) 0.5 - - 0.003 0.15
(Control
sample)
NBSK 16% 16 (67.2 g) 0.5 - - 0.003 - 0.2016
NBSK 24% 24 (100.8 g) 0.5 - - 0.003 - 0.3024
NBSK 32% 32 (1344 ¢g) 0.5 - - 0.003 - 0.4032
| Combination 1: AC and NBSK
AC MCC
AC 2% 10 (504 g) 0.5 284¢g - 0.003 0.0008 0.126
AC 4% 8(336¢g 0.5 4(16.8 g) - 0.003 0.0008 0.113
AC 6% 6252 ¢g) 0.5 6(252¢g - 0.003 0.0008 0.09
AC 8% 4(16.8 g) 0.5 8(33.6¢g - 0.003 0.0008 0.07
AC 10% 284¢g 0.5 10 (42 g) - 0.003 0.0008 0.0588
I Combination 2: MCC and NBSK
AC MCC
MCC 2% 10 (504 g) 0.5 - 284¢g 0.003 0.0045 0.16
MCC 4% 8(33.6¢ 0.5 - 4(16.8 g) 0.003 0.0045 0.17
MCC 6% 6 (252 ¢) 0.5 - 6(252¢) 0.003 0.0045 0.18
MCC 8% 4(16.8 g) 0.5 - 8(33.6¢ 0.003 0.0045 0.20
Combination 3: CNC and NBSK (previous study)[243]
Sample ID NBSK fibers w/c Additive Cost of rein- Cost of Total
(wt.% of cement) | ratio (wt.% of cement) forcement additive Cost
(USD/g) (CNO) (USD)
(USD/g)
CNC 2% 8(33.6g 0.5 2(84¢ 0.003 0.007 0.1588
CNC 4% 8(33.6g 0.5 4(16.8 g) 0.003 0.007 0.2176

The cost of NBSK fibers is inclusive of the refining cost mentioned in Table C.4 Note that the total cost

here refers to the total (reinforcement + additive) cost that is required to produce a FC composite as men-

tioned in the manuscript. The raw material cost is derived from Table C.4 (vide infra) to tabulate the total

reinforcement cost.

Table C.4 Table representing the reinforcement/additive cost (adapted from current market prices

and prior in depth technoeconomic studies conducted to ascertain the production cost of these addi-

tives) along with their references.

Materials Cost (USD / M¢t) Reference
Cellulosic fiber
NBSK Raw material =700 [386,387]
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Refining ~ 1720

Total =~ 2420
Cellulosic additive
AC =~ 800 [244,388]
MCC ~ 4500 [389,390]
CNC =~ 7000 [244,391]

As shown in Table C.4, the total production cost of NBSK fibers (raw material cost + cost of
refining) makes them an expensive component in the FC, where the cost of production of cement is around
only 60 USD/tonne) [392]. Additionally, fiber refining is an energy-intensive process and modeling studies
from Chakraborty ef al. reveals that the cost of refining 1 kg of NBSK fibers (to 1 pm length) in a PFI mill
was accounted to about USD 1.72/kg (ca. two times the cost to procure 1 tonne of NBSK fibers) [387].

High content of NBSK fibers demands the use of additional rheology modifiers/superplasticizer,
which is another significant contributor to carbon dioxide emissions as well as added cost to a FC fabrica-
tion process. For example, the cost of production of PCE superplasticizer is about 850—1440 USD/tonne)
[393]. Thus, “less is more” is the philosophy followed in this research work so that we do not have to
compromise with performance metrics without incorporating property-specific additives like curing accel-

erators, and retarders, to name a few.

Table C.5 Cost of silica-based additives used in construction industry. Note that these prices can

fluctuate depending on market trends and product availability.

Cost USD/mt Reference
SF (Micro silica) 200 — 800 [394]
Silica sand *90 [395]
Nano silica *1500 — 4000 [396]

*Could be even higher depend-

ing upon the size and purity

As seen from Table C.5, the cost of silica-based additives varies with the size and type of silica,
most common are silica sand (low-cost) and micro silica. Though silica sand is cheap, extracting
sand would involve quarrying activities to be conducted, causing significant environmental impact.
In terms of micro silica, the prices can be compared with that of AC, indicating the cost feasibility

in replacing silica-based additives with biobased (cellulosic) additives for building materials.
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Figure D.1 Steps involved in FC manufacturing. Note that for rheological characterization, the FC

slurry after mixing is used , whereas for mechanical as well as microstructural characterization,

cured FC samples are utilised.

D.1  Rheological characterization
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Figure D.2 Variation of Particle shape descriptors (sphericity, convexity, straightness, elongation

and roundness) with particle size of (a) raw BC samples (b) ball milled BC samples.

Figure D.2(a,b) depicts the variation in different BC shape descriptors with respect to increasing BC par-

ticle size. It can be inferred from Figure D.2(a,b) that the shape of the BC significantly varies with particle
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shape. For BC_RAW samples, as the particle size increases (>150 um), the general trend observed is that
the particle tends to be less elongated, less spherical and round compared to finer BC particles (<150um).
However, the particle straightness and convexity remain independent (although a slight decrease is ob-
served at particle size > 550um) with increasing particle size. It is important to note that the convexity of
the BC particles (which is a measure of the compactness of a particle) is high and consistent for both
BC _RAW as well as for BC_BM samples. High convexity indicates that the particles have less indentation
and outwardly smooth (more compact), thus can potentially affect the packing density and particle inter-
locking which can aid in improved mechanical properties as well as the flow behaviour for the FC slurry.
From Figure D.2(b), it can be observed that, the effect of ball milling is more pronounced at higher particle
size domain (> 550um) compared to finer BC particles. In this domain, it is observed that ball milling is
effective in improving the sphericity, roundness, elongation and convexity to a small extent, whereas the

straightness of the BC particles reduces slightly.
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Figure D.3 Steady state viscometry analysis of FC slurry as a function of BC content.

General observation made from Figure D.3 is that, despite the concentration of BC, all FC samples exhib-
ited shear thinning behaviour. Now at high BC content (6 - 10 wt.%), viscosity of the FC slurry at every

shear rate seemed to increase whereas at low BC content (0 - 2wt.%) the steady state viscometry results
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showed similar trends to that of control sample (in terms of magnitude and trendlines). This in a way sug-

gests that the BC content needs to exceed the Cpc (i.e. 3-4wt.% range) to tune the rheological properties of

the FC slurry, which is in accordance with the trends observed with the evolution of static yield stress with

increasing BC content (see Figure 5.4(a)).

Table D.1 Properties (MOR) of cement composites which employed different carbon different based

materials as an additive/reinforcement/SCMs, used to benchmark mechanical characterization re-

sults from this study.

Carbon nano-
tubes
(MWCNT)

lowed by magnetic stirring for 30
min and ultrasonication for 1 h.

Carbon based | Content at which Dispersion method MOR References
material the composite ex- (MPa)
hibited maximum
MOR
Carbon black 2 wt.% Sand and superplasticiser 9.5 [321]
(CB)
Graphene (G) 0.01wt.% Polycarboxylate superplasticizer, 9.5 [322]
Graphene ox- 0.05 wt.% Ultrasonification 6.5 [323]
ide (GO)
Graphene na- 0.05wt.% Darex S 20 - 2 ml, ultrasonification 6.25 [324]
noparticles 2 hours
(GN)
Multi-Walled 0.02 wt.% Mechanical stirring for 3 min, fol- 8.2 [325]

229



—
)
S
_—
(=2
St

70 14 14
y = (4.23245) + (0.0932185) * X = WOR
B .
60 - 12 & ‘w 12 [Pearson'sr 0.89224| L~ Fitted MOR
o o Adj. R-Square 0.72813
~ 5p. 102 2 qo][intercept 4232452 0.79472
@© v o Slope 0.09322 £ 0.02471
e 5 5
o 404 L8 82 & 8 .- W
3 S g | & t
o 30 6 5 %5 6
@ )
20 L4 5 £ 4
B ©
o
10 L2 £ = 2-
0 T T T . T T 0 0 T T T T T
0 2 4 6 8 10 25 30 35 40 45 50
Biochar content (wt.%) T static (Pa)

Figure D.4 Rheo-mechanical characterization of FC function of BC content depicting (a) Variation

of Tstatic & MOR (b) linear correlation existing between Tstatic & MOR.
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Figure D.5 Powder X-Ray diffractogram (depicting the phase ID) of BC used for this research. Note

that the PDF number associated with each identified phase is mentioned alongside with the phases.
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D.2 LCA

A LCA study was carried out, in accordance with ISO 14040[397] & 14044 [398] standard, to determine
the environmental impact of utilising BC as a biobased (in six different proportions) supplement to cement
for FC manufacturing. Further details pertaining to this LCA study is provided as supplementary infor-
mation [292].

Goal and Scope : A system boundary (cradle to gate) was developed to evaluate the environmental impact
of utilising BC as a biobased supplement to cement in FC manufacturing (Figure D.6). Cement was sup-
plemented with 6 different BC contents (0 -10 wt.%) and assessed for their respective environmental im-
pacts. The life cycle impact category of interest to this study was GWP. EN 15804 A1:2020 assessment
method[399], which is the specialised European standard for assessing the environmental impact and prod-
uct category rules (PCR) of construction product and services (within the framework of type 111 EPD
according to ISO 14025) [400] was utilised for GWP evaluation. The functional unit for this LCA analysis
was defined as 0.05 m? of FC.
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Figure D.6 A cradle to gate system boundary of lab scale FC production
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We relied on peer-reviewed literature for the GWP and carbon sequestration values of BC, in order to
obtain a wider perspective as to how different biomass sources and pyrolysis conditions can contribute to
the GWP of BC production in USA and Canada. Now it may be noted that the conversion of woody biomass
into BC (pyrolysis) process requires energy and does contribute to GWP. However, this valorization process
(pyrolysis) converts about 60 - 80% of carbon presents in biomass into stable form of carbon (i.e. BC),
which outweighs the carbon emission during its production stage, resulting in a net negative process [288].
Additionally, if these waste biomasses were to be landfilled or incinerated, it results in the release of CO;
and C,H4 contributing to increase in GWP [288]. Thus, when carbon counting or LCA analysis are carried
out related to BC production, often these factors are considered, which results in a net negative GWP for
BC. Now depending upon the pyrolysis process, the valorization or end use pathways of pyrolysis gases
and taking into consideration the potential end use application of the produced BC, the sequestration po-
tential of BC (although negative) can vary significantly. Thus, from the literature studies it was estimated
that 1 tonne of BC can sequester up to 1.9 to 2.7 [401,402]tonnes of CO, -eq and for this analysis, an
average of 2.3 tonnes of CO; -eq was chosen as an input to this analysis (this average value was taken from
the LCA study conducted for BC Biocarbon, from where the BC was procured) [403,404]. The energy
consumption related to pulp fiber refining was adapted from the modelling studies conducted by

Chakraborty et al. [405].

Life cycle inventory

The detailed foreground inventory details pertaining to the production of BC supplemented FC composite
are provided in (Table D.2 - Table D.3). The background data pertaining to each process was derived from
the ecoinvent 38 enl15804gd v3 database [406] and the LCA modeling was carried out using OpenLCA
software (version 2.0, 2023) [407].The “market for cement”, “sulphate pulp” and “water”” was modeled to
[EN15804 -RoW. “RoW” was chosen to promote a comprehensive LCA analysis considering the global
data and impacts. Now, according to the EN 15804 and PCR standard requirements, the cutoff criteria
indicates that any flows in the LCA core processes can be cut off, if it contributes to less than 1% of the
total mass of material input or 1 % of the total energy. With regards to this, we assumed that the environ-
mental impact related to the equipment usage for raw material processing and core process involved in the
FC manufacturing process to be negligible and was omitted from the analysis. Note that all the samples
were prepared in the University of British Columbia (UBC) laboratory, located in BC, Canada. Hence the
electricity consumption of all the processes related to FC production was modelled to “market for electric-

ity, low voltage | EN15804 — CA -BC”.
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Table D.2 Energy consumption related to raw material processing and core process for FC produc-

tion as input to the LCA analysis.

Process Rated Power Time employed Energy
(Watts) (mins) (kWh)
Mixing 400 6 0.04
(Techwood tabletop mixer)
Compaction 450 15 0.1125
(Fisher incubating micro-
plate shaker)
BC Processing 1500 45 0.596
(Retsch 400 PT , Ball mill-
ing device)

Table D.3 Life cycle inventory of all the processes involved in FC production, used for this analysis.

Inventory Unit | Samples
Input
FC BC-0 | FC BC-2 | FC BC4 | FC BC-6 | FC BC-8 | FC BC-10
Cement g 420 411.6 403.2 394.8 386.4 378
Water g 210 210 210 210 210 210
NBSK fiber g 33.6 33.6 33.6 33.6 33.6 33.6
BC g 0 8.4 16.8 25.2 33.6 42
Raw material Processing
Refining kWh 0.963 0.963 0.963 0.963 0.963 0.963
Ball milling kWh 0.596 0.596 0.596 0.596 0.596 0.596
Core processes
Mixing kWh 0.04 0.04 0.04 0.04 0.04 0.04
Compaction kWh 0.1125 0.1125 0.1125 0.1125 0.1125 0.1125
Casting & NA NA
curing (The samples were air-cured for 28 days, hence no energy consumption)
Output
FC m?2 [ 005 | 0.5 0.05 0.05 0.05 0.05
Sample The mix composition of the FC manufacturing scheme was designed in such a way that
wastage there is minimal wastage — therefore zero wastage was considered for this LCA analysis.

Table D.4 The composition, mechanical properties and LCA parameters of commercial FC used as

a benchmark for this study.

Manufacturer : James Hardy
Environmental product declaration no : S-P-01432
(In accordance with ISO 14025 & EN 15804 : 2012 +A1 :2013)
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Issued :2019 -04 -12

Valid till : 2023-12-13

Revised: 2022 -03 -14

LCA conducted by : EuGeos Limited, UK

Composition

Wt.% (as per declared functional unit)

Crystalline silica

38 -45

Calcium silicate (hydrate) 40 -45
Cellulose 4-9
Calcium aluminium silicate hydrate 5-12
Acrylic polymers <1%

Physical and mechanical properties

Thickness
Hardie Panel
Hardie Plank
Hardie VL Plank

& mm
8mm
11 mm

Flexural strength
(EN12467:2012)

>7 Saturated MPa
> 10 Equilibrium conditioned

LCA Parameters and Results

Functional unit

1 m?

GWP

(Modules, A1 — A3)
Hardie Panel
Hardie Plank
Hardie VL Plank

8.94 KgCO»z-eq
7.34 KgCOz-eq
1.20KgCO»-eq

* Note that for comparison and benchmarking, we compared our sample with Hardie VL Plank

boards.

Table D.5 Cost of raw material (obtained from current market research & prior technoeconomic

analysis) and the energy requirement with cost pertaining to all the core processes (including raw

material processing) used for C/P calculation and analysis.

Raw material cost

Cement 157 USD/Mt [408]
BC 400 USD/ Mt [409,410]
Water 2.027 USD/m? [411]
NBSK fiber 1735 USD/Mt [412]

Electricity (commercial rate)

5.98 ¢ per kWh[413] (Fortis BC, price in USD)

Raw material processing cost

NBSK fiber refining

0.028694 KWh /g

Now all the samples contain 8wt.% (33.6 g) of
NBSK fiber,

Therefore,

Total refining energy
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=0.028694 kWh * 33.6 g

=0.9641184 KWh

Total refining cost = Total refining energy (kWh)
* Cost of electricity (commercial rate , ¢ per
kWh)

=0.9641184 kWh * 5.98 ¢ per kWh

=0.0576 USD

(for refining 33.6 g of NBSK pulp)

Ball milling Total energy = 0.596 kWh

Total cost = Total energy * cost of electricity
=0.0356 USD

Other processing cost =0.0091195 USD

(Mixing + Compaction)

Note that for consistency of cost calculations, Prices in CAD were converted into USD (using a conver-
sion factor, 1 CAD =0.7163 USD).
Table D.6 Total fabrication cost (calculated from information derived from Table D.3) of all the

FC samples fabricated in this research for C/P analysis.

Sample Total FC production cost for % increase in cost w.r.t con-
0.05 m (USD) trol
Control 0.19096117 NA
2wt.% 0.19301077 1.073307207
4wt. % 0.19506037 2.146614414
6wt.% 0.19710997 3.219921621
8.wt% 0.19915957 4.293228828
10.wt.% 0.20120917 5.366536035
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Appendix E Chapter 6 supplementary materials

(a) (b)
12
%’ 104 BC_Sieved A 0.05+ BC_Sieved
£ c
g 8 2 0.04-
- £ .
o L Pore width=38.2 A
2 0.034 1\
o 61 £ u
72} '
o 2 :
< 4 S 0.02{ !
- >
£ o
E o) g 00|
=1 —r—
o T~
0 T T T T T 0-00 T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0 5 10 15 20 25 30 35 40
Relative Pressure (p/p°) Pore Width (nm)

Figure E.1 Porous structure analysis of raw BC (sieved through MS 100) Depicting (a) N, adsorption

— desorption isotherm and (b) BJH pore size distribution.
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