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ABSTRACT: Fiber cement reinforced with pulp fibers is one of =~ ~e  Transition '
the key drivers for the decarbonization of nonstructural building mm— ’ 3" N\;\"\s\\
materials, where the inclusion of sustainable pulp fibers at high P iond §
proportions (i.e, > 8 wt %) renders poor workability of fiber- Polycarboxylate Cellulose 11 ¥ Sl 100 100
cement slurry with a concomitant loss in mechanical strength. suPe?;':;:;c'zers ”an,‘{c":,‘a's N ShearRate s

. . o s : Accelerates —
Petrochemical-derived superplasticizers, i.e., polycarboxylates Hydration ;,
(PCEs), are predominantly used in fiber cement (including ? £
cement mortars) because they dramatically improve (content % SHE A4 g
<0.5 wt %) the slurry rheology but reduce the rate of hydration Improves Time /h
and weaken the strength of the cured composite. Thus, it is crucial o @ S gm I
to explore renewable and bio-based superplasticizers devoid of any NGs Pulp Fiber Y g :

negative traits (if possible) of the conventional PCEs. In this study,
we examined wood-derived cellulose nanocrystals (CNCs) as a
multifunctional additive in fiber cement (bleached pulp fiber content: 8 wt %). In fiber cement, variation of the content (0.02—4 wt
%) of CNCs resulted in improvement in the shear thinning behavior of the fiber-cement slurry and thereafter increased the
hydration kinetics at high CNC contents (2—4 wt %). Notably, the flexural strength of the composite also exhibited improvement
upon the addition of CNCs; the maximum strength was observed at 4 wt % of CNCs. Overall, the beneficial roles of CNCs afforded
>10 wt % (in-total) bio-based content in fiber cement without compromising the mechanical strength and curing time (compared to
PCEs); hence, the findings of this study could unravel new avenues in interface engineering of cement composites leveraging the
multifunctional features of biomaterials, thus enhancing sustainability.

CNCs / wt%
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1. INTRODUCTION

The fiber composite reinforced with natural fiber is
omnipresent in commercial and residential buildings, which
has gained prominence over the last few decades as it can offset
the total embodied carbon in the buildings’ structure.” Fiber
reinforcement is typically kept <8 wt %, as a higher content of
fiber has negative ramifications on the physicochemical
properties: poor workability and mechanical strength—a
“conundrum” in materials engineering because the strength
requirement of the composite and a low carbon-dioxide
footprint are equally important to achieve sustainable develop-
ment goals.3'_5 Because forests serve as the carbon sink,’ wood-
derived pulp fibers can reduce the carbon footprint of
cementitious products destined for buildings.” Note that
pristine (unmodified) wood species will always have the
biggest impact on reducing the CO, footprint of building
materials. For instance, wood-based structural materials, that is,
cross-laminated timber (CLT), can reduce global warming
(GW) by up to 14%’ given that buildings and construction
contribute to nearly 40% of energy-related CO, emissions.”
Therefore, the incorporation of “low-carbon” yet “high-
performing” fibers as well as additives in fiber cement
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fabrication is of paramount importance; the key performance
metrics are workability (rheology) improvement, curing
characteristics (i.e., hydration), and mechanical strength
(reinforcement).

In general, issues in workability can be solved by using a
superplasticizer, a functional polycarboxylate polymer (PCE)
that affords fiber cement to be flowable at a low water-to-
cement ratio; in other words, it can function as a high-range
water reducer,” but most superplasticizers are still based on
petrochemicals. Next, the hydration kinetics of cement has a
profound impact on early strengthening and in setting time
delay of cement paste (crucial in cases such as in oil-well
cernenting).9 In the context of fiber cement consisting of wood
pulp, faster kinetics during curing could help negate the
retardation effect in hydration caused by the presence of sugars
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in lignocellulosic pulp'® while rendering benefits in terms of
traditional manufacturing processes such as the releasing
process of the casted composite (small/large sized) from a
well-defined mold.

Keep in mind that the use of traditional accelerators (e.g.,
inorganic salts/salt water)'" is not common in fiber cement but
is widely used in task-specific concrete, i.e., seawater concrete.
In the case of biomaterials, Plank’s research group has
pioneered alginate-based biopolymers (water-soluble anionic
polysaccharide extracted from the cell walls of brown algae) to
accelerate the hydration of calcium aluminate cement in the
presence of a PCE superplasticizer. Also, De Belie et al.'”
demonstrated that alginate could counterbalance the negative
impact on the mechanical strength of cement mortar imparted
by the superplasticizer. These reports are indeed a few notable
examples of the “rise” of bio-based additives for building
materials.

We note that recent research has indicated that cellulosic
nanomaterials, i.e., cellulose nanocrystals (CNCs), which are
the rod-shaped crystalline building blocks of cellulose, are
capable of modifying the rheology of cement paste,"
influencing the hydration kinetics, and reinforcing the
concrete'®'> The fascinating aspects of CNCs are that they
can be extracted from a variety of biomasses, e.g., wood, and
have a high aspect ratio (~6—70),""" stiffness (x~110—130
GPa), and strength (tensile strength ~ 10 GPa).'® Moreover,
current market research predictions indicate the growth of the
nanocellulose market from USD 271.26 million (as of 2017) to
around USD 1076.43 million by the end of 2025."® Additional
perks of CNCs are a broad range of surface functionalities
(depending on surface modification) and resilience in
challenging chemical environments, i.e., high pH, which
make them a strong candidate to reinforce cement.'*"’
Techno-economically, the (relatively) low cost of production
(~<$10/Ib) makes them a suitable material for large-scale
production, which is crucial for downstream application.'”*°

We also note that wood-derived nanocellulose (e.g., CNCs)
will have a lesser GW impact because its production process is
highly energy-intensive.” But in the context of replacing the
parent material (i.e, cement), CNCs can have positive
ramifications on the net CO, emission of cementitious
composite, which does not preclude fiber-reinforced cement.”!
In combination with wood-derived pulp fiber, the lesser GW
impact of CNCs can be substantiated, while it can replace
other components in the fiber cement, such as PCE-based
superplasticizers. Traditionally, PCEs are the byproducts of
petrochemicals (e.g., methoxy-polyethylene glycol copolymer);
thus, replacing them with CNCs further contributes to the
improvement of GW impact.

In this study, we have investigated the roles of nanocrystal-
line cellulose as a rheology modifier (related to workability),
curing agent (related to hydration kinetics), and mechanical
strengthener (related to reinforcement) in fiber cement. To
substantiate the positive ramification of CNCs, we varied their
content (x in wt %) during the fabrication process and
systematically investigated the rheology, hydration kinetics,
and mechanical strength. Furthermore, to understand the
interaction of CNCs with pulp fiber and how this interaction
may influence the hydration of fiber cement, we performed
electron microscopy.

These findings will provide a possible way through the
current “conundrum” of materials engineering of fiber cement,
which means pushing the content of biomaterials >10 wt % in
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cement composites while attaining the required mechanical
strength and without delaying the hydration (curing) process.
Furthermore, the beneficial roles of CNCs presented in this
research could also be extended to casting of infrastructure
concrete and 3D printing of building materials.

2. EXPERIMENTAL SECTION (MATERIALS AND
METHOD)

2.1. Raw Materials. Ordinary Portland cement (OPC, Type I)
was received as a donation from Lafarge, Canada, and then used for
composite fabrication (vide infra).”> Cellulose nanocrystals (CNCs)
were obtained from the process development center of the University
of Maine, USA.** Northern bleached softwood kraft (NBSK) pulp
was kindly donated by Canfor, Canada.”* The polycarboxylate-based
superplasticizer, poly(acrylamide-co-acrylic acid) partial sodium salt
(abbreviated as PCE), was obtained from Sigma Aldrich, Canada, and
used as received.”® Unless specified, reverse osmosis (RO) water was
used during composite fabrication.

2.2. Fabrication of the Cement Composite. Two sets of fiber
cement samples were prepared for this comparative study. The first
set of samples employed CNCs as an additive, and the second set of
samples incorporated PCEs. The noncementitious additives (CNCs/
PCEs) varied in content (0.02, 0.06, 0.2, 0.6, 1, 2, 3, and 4 wt % of
cement) and were hand mixed for 3 min, after which they were
transferred into a tabletop mixer (Techwood 6-QT 800 W, high-
power mixer) along with the refined pulp fiber. Please note that all
fiber cement samples prepared for this study contain 8 wt % of refined
NBSK pulp fibers (herein denoted as “FC”) in them and only the
additive (CNCs/PCEs) content (x in wt %) is varied (see Figure S1
for steps in sample preparation). A constant water-to-cement ratio (by
weight ratio) of 0.5 was employed for the slurry preparation, and
mixing was continued for ~7 min at 600 rpm with an intermittent
break every S min; using a spatula, the adhered fiber-cement slurry
was scraped from the wall, sides, and bottom of the mixing bowl. The
slurry preparation was done under a fume hood at a 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.

2.3. Characterization of Sustainable Cement Composite.
2.3.1. Rheological Characterization. The rheological character-
izations were conducted using a rheometer from NETZSCH Malvern,
UK (model: Kinexus Ultra Plus). The testing geometry consisted of a
four-vane type geometry with a 25 mm diameter. To be consistent
across the various specimens, a testing protocol was set up in a way
that all the tests were started at an early age of 12 + 1 min and a vane
gap of 1 mm was maintained for all the samples. As the cement pastes
were in the dormant period, it was anticipated that the material
behavior would be unperturbed during the testing period owing to the
hydration. For each experiment, approximately 33 mL of mixed fiber-
cement 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 to 562.4 s™') was power law fitted to calculate the flow
index “n” (using the equation 57 = kj" !, where 7 is the apparent
viscosity, k is the consistency coeflicient, ¥ is the shear rate, and n is
the flow index).*®

2.3.2. Hydration Kinetics. Hydration kinetics of fiber-cement slurry
(with CNCs or PCEs) was measured using an isothermal calorimeter
from TA Instruments, USA (model: TAM 111). Upon completion of
the slurry/paste mixing process (vide supra), approximately 2535 g
of the sample was 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 a constant
temperature (25 °C) using an oil bath., Before data collection, the
isothermal condition was held for 15 min to attain equilibrium
condition, and the steady-heat measurement was performed for
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approximately 70 h. The results were normalized by the weight of the
sample present in the ampoules.

2.3.3. XRD Characterization. To characterize the cement
hydration product, powder X-ray diffraction (PXRD) was performed
using an X-ray diffractometer from Bruker, Germany (model: D8-
advance). To perform this experiment, cured fiber cement samples
(28 days, air-cured) containing additives (CNCs/PCEs) in varied
proportions were subjected to mild mechanical pulverization for 2
min (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 a Canadian standard
testing sieve (manufactured by W.S. Tyler, USA) with a mesh size of
MS 100. The powdered samples were packed into the circular plastic
sample holder (Bruker, Germany), andthe diffraction pattern was
recorded in a Bragg—Brentano configuration in the range of 5—90°
(ideal for complex cementitious materials) Bragg angle (26) with a
step size of 0.03°.” During the acquisition of the diffractograms, the
X-ray generator was operating at 40 kV and 40 A producing Cu Ka;
and Ka, (1, = 0.154056 and 0.154439 nm) radition.””

2.3.4. Microstructural Characterization. To investigate the
interaction of CNCs with pulp fiber and cement, field emission
scanning electron microscopic (FE- SEM) images were obtained
using a Helios Nano Lab 650 equipment. For this study,
microstructural analysis was carried out in two systems. System 1
focused on investigating the interaction of CNCs with the pulp fiber,
and system 2 focused on understanding the interaction of CNCs in
the pulp fiber-cement matrix. Because all our samples were
nonconductive, an iridium ccvating28 (thickness ca. 12 nm) was
applied on each specimen using a sputter coater from Leica, Germany
(model: Leica EM MED020). For system 1, CNCs were mixed with
approximately 8 g of NBSK pulp fiber in a 4:1 ratio with a water-to-
fiber ratio of 0.5. The resulting mix was probe sonicated for 2 min,
and the sonicated samples were dried in a glass slide. The dried
samples were then coated and analyzed for their microstructure. For
system 2, the fiber cement samples were prepared per the powder
XRD characterization (vide supra).

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).
A rectangular block of size 19.5 X 4.5 X 0.8 cm was cut from the cast
cement samples for testing their flexural properties. All the samples
were tested at equilibrium conditions (as per ASTM C1185 standard
requirements) on the 28th 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.”

3. RESULTS AND DISCUSSION

3.1. Rheological Characterization. The rheology of the
fiber-cement slurry not only affects the flow dynamics but also
affects the hydration as well as mechanical properties. It also
plays a major role in the fabrication (essential in pumping,
mixing, spreading, and compaction) process of the fiber
cement composite. The inclusion of a high fiber content in the
cementitious system often tends to jeopardize the cement
workability, and to keep the slurry viscosities in the usable
regime, additives with super plasticizing effects are employed.
Therefore, water-reducing admixtures, e.g., PCEs, have
revolutionized construction industries with their ability to
improve the workability of the fiber cement slurry, and
currently, they are employed as various forms of admixtures,
e.g., accelerator admixture and retarder admixture, to name a
few. Because cement particles form flocs when it contacts with
water, by adding a superplasticizer (i.e., PCEs), their dispersion
becomes better through the action of hydrophobic (electro-
static repulsion) and hydrophilic groups (steric repulsion) of
the polymer.*

Figure 1 illustrates the steady-state viscometry results of fiber
cement in the presence of CNCs and PCEs. Cement pastes, in
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Figure 1. Steady-state viscometry results of the fiber-cement slurry as
a function of (a) CNC wt % (x) and commercial (b) PCE wt % (x),
respectively. The upward arrows (outside of the legend and inside of
panels a and b) indicate the increase of the additive (CNCs/PCEs)
content and the shear-thinning behavior of the fiber-cement slurry,
respectively.

general, can exhibit a shear thinning as well as shear thickening
behavior, but the extent of this behavior is dependent upon the
cement composition as well as the process parameters such as
mixing time and curing time (Figure $2).>"** For a water-to-
cement ratio of 0.5 and a mixing time of 7 min (600 rpm)
employed for this research, the steady-state viscometry results
for OPC cement paste exhibit a shear thinning behavior. With
the addition of 8 wt % of cellulose fiber in the cement mix, the
shear thinning behavior of the fiber cement paste further
improves (marked by x = 0 in Figure 1a,b). The reason could
be that the shearing may induce the rupture of fiber flocs and
fiber networks within the fiber-cement slurry, thus making the
slurry flow more freely.** Additionally, as proposed by Cui and
Grace, the elastic bending of micro/nanosized cellulose fibers
under shear may be another mechanism that contributes to the
shear thinning behavior in bleached pulp fiber suspension
within the cement paste slurry.>* It is important to note that
our system contains nanocellulose (CNCs) in varied
proportions in addition to pulp fibers; therefore, we must
understand the influence that the addition of nanocellulose
(CNFs/CNCs) has on the rheology of cement pastes. The
influence of nanocellulose (cellulose nanofibrils (CNFs)) on
the rheological properties of cement pastes was investigated by
Mejdoub et al., Hisseine et al., El Bakkari et al., and Nilson and
Sargenius.35_38

However, one of the major limitations that these researchers
faced while employing CNFs is that the workability of the
cement paste considerably decreased with an increase in CNF
content, which limits the addition of CNFs at a high content
(typically, the CNF content is kept below 0.5 wt %) in the
cementitious system.”> >’ The reason for this was attributed 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
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Figure 2. Hydration kinetics characterization of fiber-cement slurry. Isothermal calorimetric (ITC) curves as a function of (a, b) CNC wt % (x)
and (c, d) PCE wt % (), respectively. Note that the horizontal arrow represents the trends of time it takes for the fiber cement sample containing
additives to attain the main peak of hydration (silicate hydration peak) and the vertical arrow indicates the improvement in heat of hydration of the

silicate hydration peak.

mixing of cement paste and thereby causes the cement paste to
thicken, resulting in decreased workability.”” However, because
of the smaller size (100—250 nm) of CNCs compared to
CNFs (0.2—3 pm), this swelling effect was minimized, which
permits the usage of CNCs at higher contents (typically
employed up to 1.5 vol %). Although content dependent, the
addition of CNCs in cementitious systems demonstrated
plasticizing (typically in the low-content regime (<0.2 wt %))
as well as viscosity modifying effects (in the high-content
regime (>0.5 wt %))."?

As soon as the noncementitious additives (i.e., CNCs and
PCEs) are introduced (in varied proportions) into our fiber
cement system, the viscosity (at any shear rate) is observed to
be increased with an increase in additive content. (Figure
1a,b). In particular, for CNCs, when we consider lower CNC
contents (0.02—1 wt %), the increase in viscosities is not
significant compared to the viscosity of the sample containing
no additive (marked by x = 0 in Figure la). This may be
because at lower CNC contents, the CNCs may get adhered to
the surface of the cement particles, and with the addition of
water (during mixing), the CNCs may hold on to these water
molecules (rather than get agglomerated), thereby increasing
the bound water associated with the CNCs, and when under
shear release the bound water and disperse the cement
particles effectively through electrostatic and steric stabiliza-
tion."? As the CNC content increases, the viscosity is also seen
to be increased considerably, which may be attributed to the
tendency of CNCs to get agglomerated (especially at higher
contents)™~*" within the slurry, thereby making the slurry
highly viscous. Furthermore, at high CNC contents (1—4 wt
%), there could be more alignment of the agglomerated CNCs
in the direction of shear, contributing to a higher shear
thinning effect. These observations are consistent with the
findings reported by Montes et al., which indicated that a lower
content of CNCs in the cement matrix would enable them to
act as water-reducing agents, whereas a higher content enables
them to behave as viscosity-modifying agents.'> Our
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observations (especially when CNCs are employed at low
contents) were also similar to biopolymers with super-
plasticizer properties, including starch, cellulose ether,
modified chitosan, and acrylamide grafted kraft lignin
polymer,”* which have demonstrated a plasticizing effect (>1
wt %) in concrete (a heterogeneous mixture of cement, sand,
and aggregates) and geopolymer mortars.*>** In contrast to
CNCs, the increase in viscosity with the increase in PCE
content (depicted in Figure 1b) could stem from a different
mechanism as opposed to CNCs, for instance, steric hindrance
from the long side chains that are attached to the
polycarboxylate backbone,** thereby preventing cement
particles from getting agglomerated. We also note that at
higher CNC contents (>2 wt %), the viscosity vs shear rate
plot of the fiber cement paste appears to be slightly nonlinear,
and the possible reason for this could be attributed to the
improvement in hydration (Figure 2a,b) resulting in a
microstructural evolution causing the curves to be slightly
nonlinear. However, further rheological studies would be
required to validate these effects, and it is in the scope of the
next study by our group.

Furthermore, the behavior of fiber-cement slurry (with
CNCs) at a high shear rate is important because it may benefit
practical large-scale applications (beyond nonstructural
materials), such as the pumping of concrete and/or 3D
printing of cementitious materials. Thus, we calculated flow
index “n” values for the high shear rate regime (see
Experimental Section for details), and “#” was found to
decrease with an increase in CNC content (Table S4).
According to the “power law” model,”® the result indicates that
the fiber-cement slurry containing CNCs exhibits a higher
shear thinning effect compared to samples incorporating PCEs
as an additive.

Overall, it can be inferred from the viscometry results that
the rheological characteristics of fiber cement paste can be
tuned with CNC content; i.e., a lower content facilitates a

https://doi.org/10.1021/acssuschemeng.3c01392
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plasticizing effect, whereas a higher content enhances the shear
thinning effect of the fiber-cement slurry.

3.2. Hydration Kinetics and Product Characterization.
‘When cement encounters water, an exothermic reaction occurs
between the clinker phase (e.g., calcium silicate/aluminate)
and water, which can be monitored via isothermal calorimetric
experiments (ITCs), which measure the heat released as a
function of reaction time (expressed in hours). The general
reaction for OPC hydration is shown below:*

C,S + 3CSH, + 26H — C(AS;H,, (1)
2C,S + 6H — C,S,H, + 3CH @)
2C,A + 3C4AS;H;, + 22H — 3C,ASH;, 3)
2C,S + 4H - C;S,H; + CH (4)

C,AF + 3CSH, + 3H
— C4(AF)S;H;, + (A, F)H; + CH (3)

C,AF + C4(AF)S,H,, + 2CH + 23H
— 3C,(AF)SH,4 + (A, F)H, (6)

where C,S is tricalcium silicate (alite), C,S is dicalcium silicate
(belite), C;A is tricalcium aluminate, C,AF is tetracalcium
aluminoferrite (brown millerite), and C,S,H; is gypsum.*®

Figure 2 illustrates the isothermal calorimetry results of fiber
cement in the presence of CNCs (Figure 2a,b) and compares
its role against the conventional plasticizer (PCEs) (Figure
2¢,d). In the recent literature,">* 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 fiber cement is that there is a retardation effect on
hydration by the noncrystalline saccharides (additive).
Kochova et al. reported that the incorporation of glucose,
mannose, and xylose, to name a few, which are prevalent in
lignocellulosic fibers, can signiﬁcantly retard (up to 48 h)
Portland cement hydration.”” A similar behavior was also
observed with the incorporation (0.3 wt %) of microcrystalline
cellulose particles (MCCs) in cement mortar while reducing
the workability of the cement paste.*’

In this research, we have combined the NBSK pulp fiber and
CNCs in fiber cement, which necessitates the decoupling of
the contribution from the reinforcement and the additive on
the rate and extent of cement hydration. It was a quite
interesting observation that when CNCs are introduced into
fiber-cement slurry, the trend in ITC curves was content-
dependent. At lower CNC contents (x = 0.02—1 wt %), the
heat of hydration (expressed in mW g™') was decreased (2.4—
1.5 mW g7'), whereas the time taken to reach the silicate
hydration peak was more or less similar (Figure 2a, top left) to
the fiber cement sample containing no additive (x = 0) with
the exception that x = 1 wt % of CNCs indicated the maximum
retardation effect. Such behavior could be borne from the
surface chemistries (i.e., negatively charged) and nanoscale
characteristics (e.g., surface area) of CNCs. For instance, at
lower contents, CNCs may act as a water-reducing agent as
reported by Montes et al. in 2020, which may deprive the
cement particles from reacting with water, thereby contributing
to the delay in hydration (retardation effect).

On the other hand, for samples containing higher CNC
contents (2—4 wt %), the hydration delay was minimized, and

the specific heat of hydration was increased (Figure 2b and
Table 1). Reports from Youngblood’s research group*®

Table 1. Summary of the Isothermal Calorimetric (ITC)
Results of Fiber-Cement Slurry Containing CNCs Based on
the Results Shown in Figure 2

observed
fiber-cement content (x) of hydration time  calculated heat flow
slurry CNCs (wt %) (h) (mW g™)

control 0 6.4 2.7
low CNC 0.02 6.6 2.4
content 0.06 6.6 2.3
0.2 6.5 2.2
0.6 6.9 2.2
1 10.7 1.5
high CNC 2 108 16
content 3 9.6 2.3
4 9.1 2.4

highlighted the role of CNCs in improving the hydration
kinetics of the cement pastes (the degree of hydration (DOH)
improved from ~SS to ~64%), producing more hydration
products with the increase in CNC content (0—1.6 vol %).
The high surface area and water-retention ability of CNCs
enabled water transport from outside the hydration product
shell on a cement grain to unhydrated cement cores, and the
mechanism was described as “short-circuit” diffusion, a
mechanism of channeling water through CNC networks
from the pore water solution to the unhydrated cement
core.”® We hypothesize that such a mechanism could also be in
play (at high CNC contents) in fiber cement and thus
accelerate the hydration kinetics.*”**

To support our hypothesis, we prepared control samples
(only pulp fiber and CNCs) to validate the information
regarding the adherence of CNCs to pulp fiber. Interestingly,
as shown in the microscopic images (Figure 3a—e), CNCs
were observed to form a layer of coating onto the pulp fiber if
compared with a pristine pulp fiber surface (Figure 3a—e).
Importantly, the pore-filling effect of CNCs was distinctive as
shown in Figure 3d,e and Figure S4 where they could form a
network, aidin§ the transport of water from the cement pore
water solution™ and facilitating (accelerating) the hydration
reaction. Similar accelerating effects in cement hydration were
also observed with the addition of CNFs (with and without
lignin) in cement mortar where the high surface area of CNFs
enabled them to act as additional nucleation sites for
hydration.”® We also note that the surface functionality of
CNCs improved the hydration of silicate and aluminate in
cementitious pastes, and the degree of influence was however
dependent on the cement composition (type I, II, or V);’
hence, we are limiting our current study to only one type of
CNCs (sulfonated CNCs in this case).

In contrast with CNCs, in the case of fiber cement
containing PCEs as additive, specific heat of hydration was
decreased considerably with the increase of PCE content, and
hydration was delayed, highlighted by the silicate hydration
peak (for 4 wt % PCE content, the onset of silicate reaction
peak was not visible until 70 h) (Figure 2c, d).

Indeed, the retardation effect of PCEs on cement hydration
is well documented in the literature, although they improve
cement paste rheology.*”** PCE molecules adsorb on the C;S
cement particles’ surface and block the reactive surfaces for
dissolution.”> However, the performance of PCE-based
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Figure 3. Morphological characterization of NBSK pulp fiber-additive
interface. Representative scanning electron micrographs of (a, b)
pristine pulp fibers. (c, d) CNC—pulp fiber control samples (x = 4 wt
%) (see Experimental Section for details). (c) CNCs coating the pulp
fiber. (d) CNCs filling in the voids present in pulp fiber (marked by
the arrow). (e) The magnified image of a single strand of pulp fiber
representing filled voids by CNCs (marked by the arrow).

polymers is strongly dependent on their molecular structures
(such as the number of side chains and the molecular
weight).”>>* Likewise, beyond conventional PCEs, similar
retardation effects were also shown by bio-based additives,
such as calcium alginates and natural polysaccharides, which
have been shown to cause retardation effects in calcium
aluminate cements,” and a CO,-storing retarder (at 3 wt %),
i.e., Chlorella algal biomass, which caused 812% delays in the
hydration of conventional OPC.*

To this end, to confirm the speciation of the hydration
reaction (eqs 1—6), powder X-ray diffraction (PXRD) is the
gold standard for cement-based materials and composites.
Figure 4 depicts the representative X-ray diffractograms of the
fiber cement samples in the presence of CNCs and compared
with tricalcium silicate (C,S; alite), which is one key
component in the cement clinker phase. As shown in Figure
4a, powder diffraction patterns were similar, which were of no
surprise because the mechanism of hydration is the same while
CNCs only affect the kinetics (rate of hydration reaction).
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 heteroge-
neous nature of fiber cement. Thus, to highlight the hydration
product phase, we present the PXRD (Figure 4b) of one
representative sample, that is, 1 wt % CNCs, and compared
that with ordinary Portland cement (OPC).

(a)
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Figure 4. Characterization of cement hydration products in fiber
cement in the presence of an additive. (a) Powder X-ray diffraction
(PXRD) characterization of the fiber cement as a function of the
content of CNCs (x = 1—4 wt %). (b) Representative powder
diffractograms of fiber cement with 1 wt % of CNCs and ordinary
Portland cement (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. Because
bleached pulp fiber (containing hemicellulose) could increase the
amorphous background, samples were sieved to maximize the
opportunity for the observation of crystalline hydration products
(e.g, portlandite) in fiber cement (CNCs, x = 1—4 wt %). The PDF
numbers 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), tricalcium aluminate (01-074-7039), brown
millerite (01-074-3674), silica (01-071-0261), calcite (01-086-2334),
portlandite (00-001-1079), and ettringite (01-075-7554).

Upon phase identification (based on the ICSD database),
the formation of typical cement hydration products was
confirmed, such as portlandite (CH), ettringite, and
calcite.””*" 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, calcium
silicate hydrate (CSH) and ettringite) render uncertainty in
phase identification of cement hydration products. Therefore,
on the basis of a recent study by Maddalena et al, we
tentatively assigned the reflection peaks at 16, 29, 32, and 49°
corresponding to C—S—H.>” In general, the observation of
ettringite supported the ITC results (Figure 2), and although
samples were kept inside of a sealed bag, the 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 fiber cement.
Finally, we note that by employing a model cement clinker
component, like C;S or calcium aluminosilicate (CAS),
quantification (via Rietveld refinement) of the hydration
product in the presence of CNCs is thus possible, which is
currently under way in our group.

3.3. Mechanical Characterization (Three-Point Bend-
ing Test). It is important to note that in fiber cement,”
mechanical interlocking (or anchorage) between the surface of
cellulose fiber and cement hydration products (Figure 4b)
plays a significant role in bonding formation among these
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phases that contributes to the strength and toughness of the
fiber cement composite.”’** It is imperative to investigate the
effect of CNCs (as additive) on the key mechanical properties
(i.e, flexural strength) of fiber cement to corroborate the
findings from the ITC investigation (Figure 2a,b).

Figure 5 illustrates the change in the calculated values of
flexural strength/modulus of rupture (MOR) based on the

MOR / MPa

R N

FC_CNCs(x)wt%

MOR / MPa

S ® o 0B A 2 B b

FC_PCEs(x)wt%

Figure 5. Mechanical characterization of fiber cement in the presence
of an additive. Modulus of rupture (MOR) values as a function of
content (x) of (a) CNCs and (b) PCEs of the hardened pulp fiber-
cement composite. MOR was calculated from the stress—strain curves
of the respective samples. All the experiments were performed under
ambient conditions.

three-point bending tests as a function of CNC content and
compared with PCEs. From Figure Sa, it is observed that at a
lower regime of CNC content (0.02—0.6 wt %), the MOR was
maintained without an appreciable change as compared to the
fiber cement sample without any additive (marked by x = 0).
Interestingly, at a higher regime of CNC content (1—4 wt %),
the 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 (Table S5). On the
other hand, as shown in Figure 5Sb, MOR also displayed
dependency on the content of PCEs; for instance, at 2 wt % of
PCEs, there was an increase of 16.7% (vs x = 0 sample), and
then it dropped.

In cement composites, improvement in the flexural strength/
MOR owing to the cellulosic nanomaterials has been well-
documented.****~%” One notable mention is the results from
Youngblood’s group, which revealed that at low CNC (wood-
derived) regime (0.04—1.5 wt %), MOR was increased up to
30%." Also, Mazlan et al. employed CNCs (palm oil derived)
resulting in a 20% increase in MOR at 0.4 wt % of CNCs
(content regime: 0.2—0.8 wt %).%° In the context of fiber
cement, Lee et al. demonstrated the beneficial role of CNCs on
flexural strength; i.e., at 0.8 vol % of CNCs, a 58% increase in
MOR was observed. To this end, it is worth mentioning that
they employed flax and steel fibers (1 vol %), whereas in this

research, only pulp fibers (8 wt %) were used as reinforce-
ment.”” 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 fiber cement, which led to the enhancement in the
mechanical properties.

Furthermore, the balance between the content of pulp fiber
and CNCs is crucial because at >4 wt %, the mechanical
strength of the composite gets reduced, pertinent to the
agglomeration of CNCs that leads to their poor dispersion in
the composite. In other words, the aggregated CNCs could act
as stress concentrators; composites become more prone to
fracture.>”' 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.*®

Overall, CNCs are unique additives (in combination with
pulp fiber) for reinforced cement composites in the class of
cellulose nanomaterials; e.g, CNFs can also impart good
mechanical properties, but the key difference with CNCs is the
maximum content in the composite.”” Note that CNFs can
only be employed in low contents (<0.5 wt %);*””"* at a
higher content regime (>0.5 wt %), agglomerated CNFs
induce localized stress, eventually leading to the reduction in
flexural strength.”” Therefore, the combination of pulp fibers
and CNCs can produce high-strength fiber cement by
controlling the content of CNCs, which could unravel new
avenues in the quest for sustainable building materials.

4. CONCLUSIONS

This study investigated the roles of CNCs as a bio-based
additive in sustainable cement composites with the primary
goal of pushing the boundaries of bio-based materials in
reinforced cement composites. The result from this study was
benchmarked against a petrochemical-based polycarboxylate-
based (PCE) polymer, which is a well-known additive used for
building materials (structural and nonstructural). Interestingly,
the content of CNCs has a profound impact on both
microscopic and macroscopic properties of fiber cement, and
the results are as follows:

(1) The (bulk) rheological investigation revealed an increase
in the shear thinning behavior of fiber-cement slurry
(with CNCs). At a high shear rate regime, the addition
of CNCs could afford the tailoring of the slurry/paste
rheology.

(2) The isothermal calorimetric studies showed that CNCs
in the lower content regime can retard the cement
hydration (beneficial in case of handling and trans-
portation of the fiber cement slurry), whereas at a higher
content regime, they can accelerate hydration (beneficial
in cases where quick setting and early strength of
cementitious materials are essential).

(3) The mechanical characterization revealed that the
flexural strength of the fiber cement sample was
improved up to 35.4% at 4 wt % of CNCs.

Overall, it was evident from this research that CNCs as
green and sustainable additives can modify rheology, accelerate
hydration kinetics, and improve the mechanical properties of
the fiber cement. With the current environmental concerns,
cost-effective cellulosic additives must be explored because
nanocelluloses are relatively expensive (compared to conven-
tional PCEs).
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