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This study investigates the effectiveness of cellulose nanofibers (CNF) in enhancing the long-term durability
performance of ordinary portland cement (OPC) composites against sulfate attack and alkali-silica reaction
(ASR). Two different types of cellulose nanofibers, namely lignin-containing cellulose nanofibers (LCNF) and

Ceme_n o . delignified cellulose nanofibers (DCNF), were used in three different dosages (0.05%, 0.1%, and 0.3% by weight
Alkali silica reaction . . . )
Durability of the cement) to produce mortar samples. The heat of hydration and microstructural studies confirmed that

none of the selected CNFs negatively affected the early-age cement hydration. Dynamic vapor sorption (DVS)
isotherms revealed that the addition of CNF increased the amounts of C-S-H of the paste samples and therefore,
resulted in the densification of the matrix. LCNF and DCNF-containing mortar samples were exposed to 5%
MgSO4 and 5% NaSO4 for 6 months. The results showed that incorporating CNF improved the resistance of
mortar against sulfate attack. Specifically, after 6 months of sulfate exposure, the compressive strengths of the
control samples were reduced by nearly 50%. In the case of 0.3% DCNF and 0.3% LCNF-containing batches, the
strength reductions were less than 20% after the same sulfate exposure duration. Moreover, the expansion due to
the ASR of CNF-containing mortar bars was nearly 97% lower than the samples without CNF after one year of
exposure test. For all the tested parameters, LCNF-containing samples showed better performance compared to

DCNF-containing samples.

1. Introduction

There has been a notable increase in interest surrounding the utili-
zation of alternative materials for the development of cementitious
composites that offer improved mechanical performance and durability
with reduced CO; emissions [1,2]. Among these materials, nano-
materials have a significant impact on improving the mechanical and
durability properties of cement-based materials. The unique properties
of nanomaterials, such as their high surface area to volume ratio and
increased reactivity, make them highly effective at enhancing the per-
formance of cementitious composites [3-6]. When incorporated into
cementitious composites, nanomaterials can improve several properties
such as compressive strength, tensile strength, flexural strength, fracture
toughness, and durability against various types of environmental
degradation [5,7]. Additionally, nanomaterials were also found to
impart some special characteristics into cement composites, such as
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self-cleaning with self-sensing [8,9] and neutron shielding [10,11].
However, the relatively high cost of nanomaterials often limits their
commercial applications to develop cementitious composites [12,13].
The cellulose-based nanomaterials extracted from plants are an ad-
vantageous raw material due to their low cost, renewable nature, and
low carbon footprint [14]. The cellulose-based materials have a signif-
icant range of structural forms, such as nano-fibrillated cellulose [15],
cellulose nanocrystals [16], microcrystalline cellulose [17], and cellu-
lose nanofibers [18]. Their chemical as well as physical structure de-
pends on their source and production method. Cellulose nanofibers
(CNF), due to their ease of production, have been used in various studies
to show their influence on cement hydration and strength development
[19,20]. It has been reported that CNF can promote the hydration of
cement composites [21]. The use of CNF in low dosages helped in
improving the mechanical properties of cement composites [21-24].
Cellulose microfibers have also been conventionally employed as
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reinforcing agents in cement-based composites [25,26]. Earlier research
has demonstrated that the incorporation of nanocellulose can control
plastic shrinkage and improve strengths of concrete [27,28].

However, a relatively large dosage of CNF can reduce the compres-
sive strengths of the cementitious composites [29]. Besides, incorpo-
rating these cellulose nanomaterials into cement-based materials can
offer several multifunctional benefits, including the ability to perform
internal curing [21,30]. The use of CNF resulted in lower penetration of
sulfate ions when exposed to NaySO4 [31]. It was concluded that the use
of CNF in Type 1 Portland cement improves the resistance to sulfate
attack similar to that of the specially formulated sulfate resistance
cement [31]. In another study, Goncalves et al. recorded that the use of
CNF restricted the penetration of chloride ions into the cement matrix
[32].

The damage and deterioration in structures exposed to sulfate attack
lead to premature cracking and reduced service life [33]. The structures
can be exposed to sulfate ions from soil, industrial discharges, and
coastal area water. The sulfate attack results in structural deformity
caused by volume expansion, cracking, and spalling of cement. The
serious damages caused by sulfate attacks on cement-based composites
have been studied in detail to formulate eco-friendly and durable
structures with enhanced service life [34-36]. In that regard, the present
study was designed to assess the impact of CNF on the durability of
mortar exposed to sulfate attacks. Compared to a previous study con-
ducted by Goncalves et al. [31], the present experimental program
considers two different forms of CNFs namely lignin-containing cellu-
lose nanofibers (LCNF) and delignified cellulose nanofibers (DCNF).
Moreover, it has been well established that the ingress of MgSO4 is more
detrimental to cement composites as compared to NapSO4 ingress [37].
To provide a comprehensive analysis, both MgSO4 and NaySO4 solutions
were used to mimic sulfate attack in this study. In addition to sulfate
attacks, this study also evaluated the role of LCNF and DCNF in
enhancing the resistance of mortar samples against alkali-silica reaction
(ASR). For this purpose, various mortar specimens were fabricated by
adding LCNF or DCNF at 0.05%, 0.1%, and 0.3% by weight of the
cement. The ASR expansion measurement was carried out by consid-
ering reactive borosilicate aggregates and observations were taken up to
one year.

2. Experimental details
2.1. Materials

Portland cement conforming to guidelines of ASTM C150 [38] Type
1 was used as the binder. Standard sand conforming to ASTM C778 [39]
was used as the fine aggregate. LCNF and DCNF samples were supplied
by the Performance Biofilaments, Inc. (Canada). The LCNF fibrils are
produced from unbleached Kraft pulp. Since these fibers are unbleached,
residual lignin is present during the fibrillation process. On the other
hand, DCNF is produced from delignified (bleached) Kraft pulp, which
has had the lignin removed. The presence of lignin can significantly
affect the properties and efficiency of CNF production. Several studies
reported that the presence of lignin can reduce the energy consumption
of mechanical fibrillation and improve the yield of LCNF [40]. Addi-
tionally, lignin deposits on fiber surface as nanoparticles, resulting in a
very high surface area [40]. During the fibrillation process, once the
fiber structure is broken, the antioxidant effect and physical barrier of
lignin can prevent fiber from re-aggregation and facilitate the

Table 1
Chemical composition (wt.%) of the raw materials.

Raw material Mass fraction w/%

AlyO3 SiO3 CaO Fey03 MgO SO3 K20

Cement 3.87 21.2 65.3 3.10 0.816 4.28 0.679

Cement and Concrete Composites 145 (2024) 105316

fibrillation of cellulose into fine diameters [40]. Such process results in
finer and uniform fiber distribution in LCNF compared to DCNF [40].
Table 1 presents the chemical composition of cement. The properties of
CNFs are listed in Table 2. Fig. 1 shows the SEM (dried sample) and TEM
(dispersed sample) images of LCNF and DCNF. It is visible that both
types of CNF have a fibrous structure with an elongated form entangled
within the same fibers. The LCNF and DCNF had thick slurry like
consistence with solid contents 29% and 34% in water, respectively. To
maintain the appropriate water-cement ratio, the amount of free water
present in the cellulose was subtracted from the total amount of water
required.

2.2. Sample preparation

Table 3 shows the formulations of mortar containing LCNF and
DCNF. CNFs were added in terms of 0.05%, 0.1%, and 0.3% by weight of
cement. These CNFs were first mixed in water by using a high-shear
blender for 3 min. Such a dispersion method was previously reported
in Ref. [41] for the similar types of CNF and recommended by the
supplier. The workability of the mixes with the addition of CNF was
drastically reduced. Fig. 2 shows the flow diameter measurements as per
the ASTM C230 of the mortar samples with and without CNF. The flow
diameter was reduced by nearly 50% and 100% with the addition of
0.05% and 0.3% CNF, respectively. Both DCNF and LCNF showed
similar reductions in the workability of mortar samples. Such reductions
in workability were expected due to the high-water absorption capacity
of CNF.

The mortar samples for sulfate exposure conditions were prepared as
per the guidelines of ASTM C1012 [42]. The water-to-cement ratio
(w/c) was kept at 0.485 for all the mortar bar mixes and 0.42 for the
cube mixes. Table 3 shows the mix proportions of the mortar samples.
After casting, the samples were kept in sealed condition for 24 h. Mortar
samples were cast into 50 mm cube molds for compressive strength
measurements. For length change measurements, prism samples of the
dimensions 25 mm x 25 mm x 250 mm were cast. The samples were
then de-molded and kept for further curing in a sealed condition for 28
days. After 28 days of curing, the samples were exposed to 5% MgSO4
and 5% NaySO4 solution for up to 180 days. The sample strengths were
tested after 15, 30, 60, 90, and 180 days of exposure. The sulfate solution
was replenished at every testing duration to maintain the concentration
of sulfate ions. For microstructural investigations, paste specimens were
cast and exposed to the same sulfate solution. The microstructural
samples were collected at due time and were vacuum treated with iso-
propanol to stop further reactions.

For the resistance to ASR, Type 33 alkali-borosilicate glass provided
by NBS, Vitro minerals were used to act as the reactive aggregate. The
guidelines of ASTM C1260 [43] were used to prepare the mortar samples
and exposure to environmental conditions. Specifically, mortar samples
submersed in 1 N NaOH solution at a temperature of 80 °C. After this
duration, the samples were kept in the same solution, but at room
temperature, and the length changes were monitored for up to one year.

2.3. Test procedures

The heat of hydration was monitored using a commercially available
isothermal calorimeter (TAM air by TA instrument). The paste samples
were placed inside the calorimeter chamber immediately after mixing

Table 2

Properties of cellulose nanofibers.
Fibril Diameter 80-300 nm
Fibril length 100-500 pm
Aspect ratio 800-1000 L/D
Surface area 80,000 m%/kg
Density 0.5 g/cm®
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Fig. 1. Scanning electron microscopic (SEM) images of cellulose nanofibers, (a) LCNF, (b) DCNF and transmission electron microscopic (TEM) images of cellulose

nanofibers, (c) LCNF, (d) DCNF. Scale bar represents 50 pm.

Table 3
Mix proportions (kg/m®).

Mix id Cement Sand  Water CNF slurry (contains CNF and free
water)

Control 545.45 1500 26439 0

0.05% 545.45 1500  264.02  0.80
DCNF

0.1% DCNF  545.45 1500 263.48 1.61

0.3% DCNF  545.45 1500 261.37  4.81

0.05% 545.45 1500  263.89  0.92
LCNF

0.1% LCNF 545.45 1500 263.23  1.86

0.3% LCNF 545.45 1500  260.61  5.56

and the signals were corrected after 45 min. The heat of hydration was
measured up to 90 h at 23 °C. The isothermal calorimetry was repeated
for a few batches, and the standard deviations of the total heat mea-
surements were less than 2%.

For thermogravimetry analysis (TGA), paste samples were first pul-
verized using mortar and pestle and passed through a #200 sieve.
Approximately 30-40 mg sample was taken and put on the platinum pan
of the TGA (commercially available TGA 550 by TA instrument). The
sample was kept in the isothermal condition for 5 min at around 25 °C
and the temperature was raised to 980 °C at a rate of 15 °C per minute

afterward. To ensure an inert environment, nitrogen gas was purged into
the chamber. TGA measurement can help indicate the decomposition of
phases at temperature ranges. For example, the temperature range be-
tween 25 and 120 °C shows the decomposition of free water, ettringite,
and C-S-H gel [44]. The decomposition of AFm phases is represented at
150-170 °C. Portlandite decomposition can be observed at 400-450 °C
temperature range [44]. Calcium carbonate decomposition is observed
at 600-850 °C temperature ranges [44]. Three replicate samples were
initially tested through TGA to validate any deviation. Since the result
deviations were less than 2% by weight, the TGA measurements were
collected with only one sample for the remaining batches.

Powdered paste samples were also used for X-ray diffraction (XRD)
measurements. XRD measurements were acquired on a Bruker D8
spectrometer using Cu Ka radiation (40 kV, 40 mA). The sample was
scanned over a range of 5°-60°(26), using a step size of 0.01 per second.

Commercially available dynamic vapor sorption (DVS) equipment (Q
5000 by TA instruments) was used to obtain the sorption isotherms. The
sample was first equilibrated at 97.5% RH for 5760 s. After this point,
the RH was gradually reduced (with 5-10% RH steps) to obtain the
desorption isotherm. The temperature was maintained constant (at 23
°C) during this experiment.

The compressive strength of the mortar cubes was measured
following the ASTM C109 [45] method at 28 days of curing age and up
to 180 days of sulfate exposure. The length change of the mortar bars

Fig. 2. Flow diameter measurements of mortar samples containing (a) 0% CNF, (b) 0.05% CNF, and (c) 0.3% CNF.
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due to the sulfate exposure was measured following the specifications of
ASTM C157 [46].

3. Results
3.1. Effects of LCNF and DCNF on hydrated cement paste and mortars

3.1.1. Effects on the compressive strengths

The compressive strengths of the mortar samples containing LCNF
and DCNF after 28 days of curing are presented in Fig. 3. At 0.1%
dosage, LCNF and DCNF-containing samples showed around a 10% in-
crease in the 28-day compressive strength. The effects of both LCNF and
DCNF on the compressive strengths were nearly the same. As discussed
in a previously published article [23], the correlation between CNF
dosage and cement hydration is non-linear. Such non-linear behavior
was attributed to two competing mechanisms: (i) the negatively charged
carboxyl groups can be adsorbed on unhydrated cement surface result-
ing in a delay of the hydration reaction, and (ii) due to the high surface
area of CNF, it can also accelerate cement hydration due to the nucle-
ation effect [23]. Based on the results of the experiment, it has been
determined that dosages above or below 0.1% do not yield adequate
performance. The lower compressive strengths at a higher dosage
(0.3%) of LCNF and DCNF can be due to the agglomeration of fibers
leading to the formation of weak zones in the cement matrix. Therefore,
the 0.1% dose can be considered optimum for the mortar samples, which
also matches our previous findings [24]. As such, while the durability
performance of all the samples has been evaluated, microstructural
evaluations only for the 0.1% CNF-containing specimens are presented
in this article.

3.1.2. Effects on cement paste hydration and microstructure

The heat of hydration of the paste samples containing various dos-
ages of CNF was monitored for 90 h and presented in Fig. 4. From the
heat flow per g of cement (Fig. 4 a), it can be observed that the primary
peak associated with cement hydration was shifted to the left due to the
addition of CNF. This indicates all of the CNF accelerated the cement
hydration. However, the effect of DCNF was more prominent in accel-
erating the cement hydration as compared to LCNF. The mix with 0.05%
DCNF registered the highest heat flow rate and lowest dormant period.
Among the LCNF mixes addition of 0.3% showed the highest heat flow.
The CNF can act as nucleation sites for the formation of calcium silicate
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Fig. 3. Compressive strengths of mortar cubes after 28 days of sealed curing.
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hydrate (C-S-H) thereby enhancing cement hydration in the accelera-
tion stage. It should be noted that a few previous studies reported that
the addition of CNF can lead to a lower cement hydration rate at the
early stage [19,47]. It was reported that hydroxyl and carboxyl groups
present in CNF binds with the calcium ions of cement limiting the
nucleation sites for hydration [19]. Contradictorily, there are other ar-
ticles that reported the cellulose nanomaterials can enhance the hy-
dration of cement particles at an early age due to the nucleation effect
(associated with the high surface area of CNF) [23]and later age by
acting as water channels (addressed as “short-circuit diffusion”) [30]. In
the present study, both LCNF and DCNF were primarily observed to
improve cement hydration as evidenced by the increase in heat flow.
Fig. 4 (b) shows the total heat release on the incorporation of LCNF and
DCNF in cement mixes. Notably, both LCNF and DCNF registered higher
early-age total heat as compared to the control but reach nearly the same
total heat after around 90 h.

Fig. 5 shows the XRD spectra of control and CNF-containing speci-
mens after 28 days of hydration in sealed curing conditions. The
incorporation of CNF affected the traditional phases such as portlandite
present in cement composites but did not lead to the formation of any
new phases. An important observation is that both LCNF and DCNF
specimens recorded relatively higher intensity of peaks for portlandite
as compared to the control specimen. The higher portlandite formation
indicates enhanced hydration of the CNF-containing batches after 28
days of sealed curing. The enhanced hydration due to the addition of a
small dosage of CNF matches with the previously reported findings [24].
The intensity of the portlandite peak in LCNF-containing paste samples
was higher than that of DCNF, indicating LCNF was more effective in
enhancing hydration.

Fig. 6 shows the TGA plots of paste samples after 28 days of sealed
curing. Like the XRD observations (Fig. 5), the LCNF and DCNF-
containing specimens showed higher amounts of portlandite present
as compared to the control specimen. However, the weight loss peak at
around 150 °C due to the decomposition of C-S-H and Aft was higher for
the control specimens as compared to CNF-containing specimens. Such
reduced peak was attributed to lower ettringite formation in the samples
containing CNF. As discussed in a previous study [21], the addition of
CNF can reduce the amounts of ettringite formation in cement paste
(without sulfate exposure) due to their ability to bind calcium ions.
Based on the DTG curves in Fig. 6, the chemically bound water content
was calculated within the temperature range of 110 °C to 550 °C,
excluding the free water and carbonate content [44]. The higher
chemically bound water content in the CNF-containing samples
compared to the control batch indicate that the inclusion of CNF
enhanced the degree of reaction.

The water vapor desorption isotherms of the paste samples are given
in Fig. 7(a). The sorption isotherms were further analyzed as per the
method proposed by Barrett, Joyner, and Halenda in 1951 (BJH method
[48]). Due to the smaller molecular size of water compared to nitrogen
and mercury, vapor sorption isotherms are often considered a preferred
technique to understand the gel porosity and specific surface area (Spgr)
measurement of the hydrated cementitious composites [49]. Here,
specific surface area (Sggr) was calculated within the 35%-11% RH
range of the vapor sorption isotherms by the BET method proposed by
Brunauer, Emmett, and Teller [50]. As observed from Fig. 7, the Sggr
was highest for 0.1% LCNF-containing paste followed by 0.1% DCNF
and then the control batch. This trend matches with that observed in the
case of portlandite contents during XRD and chemically bound water
content from DTG/TGA measurements. Therefore, it can be confirmed
that CNF-contained batches attained a higher degree of hydration
compared to the control batch. Furthermore, LCNF-containing samples
showed a higher degree of hydration compared to the DCNF sample.
Considering the pore size distribution in Fig. 7(b), the DCNF containing
sample showed higher porosity in the range of 2 nm-5 nm. On the other
hand, the LCNF-containing sample showed higher porosity below 2 nm
(to be specific at 1 nm). For hydrated cementitious materials, the pores
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sizes in the range of 2-5 nm are attributed to the pores between C-S-H
gel clusters, more precisely between outer (or low-density) C-S-H [51].
Additionally, the pore sizes below 2 nm are attributed to the pores in-
ternal to the C-S-H clusters, and more specifically inner (or high den-
sity) C-S-H [51]. Therefore, while both types of CNF increased the
C-S-H formation compared to the control sample, based on the pore size
analysis, DCNF increased the low-density C-S-H and LCNF increased the
high-density C-S-H contents.

3.2. Role of LCNF and DCNF in resisting damage induced by NasSO4

3.2.1. Macroscale effects

Fig. 8 (a) and (b) shows the compressive strengths and length change
(% expansion) of the mortar samples due to the exposure to NaySO4
solution. After 6 months of exposure, all CNF-containing specimens
registered higher compressive strength than that of the control spec-
imen. 0.3% DCNF and 0.05% LCNF specimens registered the highest
compressive strength among the specimens after 6 months of exposure.
The % variation in the compressive strengths is given in Table 4. For the
0.1% DCNF and 0.1% LCNF specimens, the compressive strengths were
38.4% and 41.5% higher, respectively, than that of the control spec-
imen. Furthermore, compared to the before-exposure condition, the
compressive strength of the control batch dropped by nearly 47% after 6
months of exposure to NaySO4. For 0.1% DCNF and 0.1% LCNF-
containing batches, the decreases in strengths were —37% and —33%,
respectively. For a few specimens (i.e., 0.3% DCNF and 0.05% LCNF),
the compressive strengths were increased after sulfate exposure. These
specimens showed relatively lower strength after 28 days of hydration,
and strength may have increased due to the densification of the matrix
during the sulfate exposure. The LCNF and DCNF specimens presented
lower length change as compared to the control specimen when exposed
to NaySOy4 solution. For a dosage of 0.1%, the LCNF specimen presented
better dimensional stability as compared to DCNF specimens. In the case
of a NaySOy4 attack, the sulfate ions react with portlandite and AFm
phases present in a hydrated cement matrix and form gypsum and
ettringite, which has an expansive nature. Formation of such expansive
phases increases the internal stress in specimens leading to lower
compressive strength. For the CNF-containing specimens, the matrix
densification resulting from the enhanced hydration and the crack-
bridging effects are the primary causes for better resistance to NaxSO4
attack.

3.2.2. Microscale effects

The sulfate attack caused by the ingress of NaySO4 into the cement
matrix leads to the conversion of portlandite to ettringite and gypsum.
The XRD measurements showed that peaks of ettringite, gypsum, and
portlandite were observed in all the specimens. It can be seen from Fig. 9



N. Nair et al.

L T T T T
15 4 (a) /'v—
/
X o
312— .
elj
§ —
5
(9]
5 64 G
=
= 3 —e— Control
i —s— DCNF 0.1%
—s—LCNF 0.1%
0.. a
T L T d T v T

60
Relative humidity (%)

80 100

Cement and Concrete Composites 145 (2024) 105316

1:-‘ i) 1

10 -
o Sger (m7/g)
oh
<= 8- 1
= —e— Control 130.7
g 6- —e—DCNF 0.1% 1412 -
= —a—LCNF 0.1% 154.3
I 44 .
=
<

24 4

0 *

T T T T T T v T T T

0 1 2 3 4 5 6 v} 8 9 10
Pore radius (nm)

Fig. 7. (a) Water vapor desorption isotherms and (b) pore size distributions of the paste samples after 28 days of curing.

80

~—~
o
~—~

T T T T T
[ Control 0.05% DCNF 0.1% DCNF X 0.3% DCNF
70 [E5]0.05% LCNF 1% LCNF 7o.

Compressive strength (MPa)
&

XX

XX

NSRS —
XX,

1

2

3 6

(b) T T T T T T
0.05-4 —=— Control —¥— 0.05% DCNF A
—<—0.1%DCNF —+— 0.3% DCNF i
@ 0.05% LCNF 0.1% LCNF I
g 041 0.3% LCNF s
= B
g | ]
2 0.03  § B e
o 5 = A
5 = i
= 0.021 A .
o0 = AR
5
—
0.01 B
0.00 ]
T T T T T T
0 4 8 12 16 20 24 28

Exposure durations (months)

Table 4

Exposure durations (weeks)

Fig. 8. (a) Compressive strengths and (b) Length change (expansion, %) of the mortar samples after Na;SO4 exposure.

Change (%) in compressive strength and length of the mortar samples after 6
months of Na,SO4 exposure.

Sample ID Change in compressive strength Change in Length
(expansion)
w.r.t. control after w.r.t. before w.r.t. control after 6
6 months exposure strength months
Control - —47.01
DCNF +25.68 —-10.11 —46.67
0.05%
DCNF +38.39 —37.66 —47.88
0.10%
DCNF +52.83 +2.58 —18.38
0.30%
LCNF +66.08 +2.55 —25.25
0.05%
LCNF +41.46 —33.62 —-33.73
0.10%
LCNF +42.91 —24.65 —50.9
0.30%

that after the 6 months of Na;SO4 sulfate attack, the control specimen
showed the lowest peak intensity of portlandite as compared to LCNF
and DCNF specimens. This indicates that portlandite in the control
specimen is being consumed to form ettringite and gypsum at a much
higher rate than LCNF and DCNF specimens. Fig. 10 shows the DTG
curves of specimens after 6 months of exposure to Na;SO4. The peak at

around 120 °C is assigned to the dehydration of gypsum [44]. Similar to
the observation from XRD, the gypsum formation appears to be the same
for the LCNF and DCNF batches based on the DTG peaks. The portlandite
content was slightly lower in the CNF-containing batches, which is due
to the formation of calcium carbonate as observed from the DTG peak at
around 600-700 °C. Among the CNF-containing specimens, LCNF
registered higher amounts of C-S-H as compared to DCNF specimens.
This is in good agreement with the observations made for length change.
As observed from the pore size distribution analysis (Fig. 7), the addition
of LCNF and DCNF leads to the densification of the cement matrix which
can restricts the ingress of sulfate ions.

3.3. Role of LCNF and DCNF in resisting damage induced by MgSO4

3.3.1. Macroscale effects

Fig. 11 (a) and (b) shows the compressive strengths and length
changes (% expansion) of the mortar samples exposed to MgSO4 solu-
tion. The % variations are reported in Table 5. For the control specimen,
MgSO4 was equally damaging as that of the NaySO4, as observed by
similar strength reduction after 6 months of exposure. However, the
expansion of the mortar bars exposed to MgSO4 was lesser compared to
those of NaySO4. When the sulfate solution interacts with the cement
hydration products, the primary reaction products formed are gypsum
and ettringite [52]. Furthermore, MgSO4 exposure can cause decalcifi-
cation of the main hydration product C-S-H gel, forming
non-cementitious magnesium-silicate-hydrate (M-S-H) [52].
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Fig. 9. XRD spectra of XRD spectra of (a) control (b) DCNF 0.10% (c) LCNF 0.10% specimens before and after 2, 3, and 6 months of Na;SO, attack.
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Fig. 10. DTG curves after 6 months of Na,SO4 attack.

Longitudinal expansion of mortar bars mainly occurs due to the for-
mation of ettringite (Aft). Other reaction products like gypsum and
M-S-H do not have expansive properties and can cause a loss of cohesive
properties in the binder which ultimately results in the reduction of
compressive strength. Therefore, the early stages of C-S-H degradation
resulting in reduction of compressive strength are more evident than the

Table 5
Change (%) in compressive strength and length of the mortar samples after 6
months of MgSO,4 exposure.

Sample ID Change in compressive strength Change in Length
(expansion)
w.r.t. control after w.r.t. before w.r.t. control after 6
6 months exposure strength months
Control - —46.03 -
DCNF +72.80 +14.14 -3.87
0.05%
DCNF +40.26 —28.40 —6.97
0.10%
DCNF +42.86 -17.11 +12.66
0.30%
LCNF +20.38 —25.29 —23.51
0.05%
LCNF +74.35 +0.73 —26.36
0.10%
LCNF +52.21 +22.53 -1.39
0.30%

gradual process of longitudinal expansion. As a result, the strength of the
matrix is dropped without exhibiting any significant expansion. The
addition of LCNF and DCNF improved the mortar’s resistance to MgSO4
attack. As observed from Table 5, the strength decreases of LCNF and
DCNF-containing samples after 6 months of exposure to MgSO4 was only
around 25-30%, compared to the 46% decrease for the control batch. All
the specimens containing any type of CNF showed significantly higher
strength than that of the control batch after 6 months of exposure. After



N. Nair et al.

6 months of exposure, the compressive strength of the 0.1% DCNF
specimen was 40% higher than that of the control specimen. In the case
of the 0.1% LCNF specimen, the compressive strength was 74.3% higher
than that of the control. It should be noted that LCNF specimens dis-
played better dimensional stability as compared to DCNF specimens
when exposed to MgSO4 solution as observed from the length change
data (Fig. 11).

3.3.2. Microscale effects

The XRD spectra after 6 months of MgSO4 exposure are shown in
Fig. 12. Similar to the NaSO4 exposure condition, the CNF-containing
samples showed higher portlandite intensity. All of the batches
showed nearly the same peak intensity for ettringite and monosulfate,
indicating that sulfate diffused into the matrix for all samples after 6
months of exposure. The enhanced performance of CNF-containing
batches could be due to the increased amounts of portlandite (resulted
in a denser matrix) and the typical crack-bridging effects [23]. The DTG
spectra of specimens exposed to MgSOy4 solution for 6 months is pre-
sented in Fig. 13. Both 0.1% DCNF and 0.1% LCNF specimens showed a
higher presence of C-S-H phases than the control specimen. Moreover,
the same observations were drawn for the portlandite phase as well for
both LCNF and DCNF. This indicates that in LCNF and DCNF specimens,
the portlandite phase is relatively safe from conversion to gypsum as
compared to the control sample. Since gypsum softens the surface of the
specimen it leads to lower compressive strength. As a result, the control
sample showed a drastic reduction of compressive strength at the end of
6-month exposure. This behavior is true for both MgSO4 and NaySO4
sulfate attacks. The influence of LCNF in cement specimens exposed to
sulfate attack presents an interesting observation. The LCNF specimens
showed a higher amount of C-S-H in MgSO4 exposed specimens than
NapSOy4. This shows that LCNF specimens have high resistance to any
form of sulfate attack.

3.4. Role of LCNF and DCNF in resisting damage induced by ASR

The interaction between cement and reactive aggregate leads to an
alkali-silica reaction (ASR) which causes expansion cracks in cement
composites [53]. The ASR severely reduces the service life of concrete
[54]. The ability of CNF to mitigate ASR was investigated and is pre-
sented in Fig. 14. The mortar bars were first placed in the exposure
condition as per the ASTM C 1260 [43] for 16 days. During this exposure
duration, the length changes of the bars were measured every day. After
this exposure duration, the mortar bars were kept in the same 1 N NaOH
solution at room temperature (23 °C) for 1 year. After 1 year, the length
changes of the bars were measured again. As observed from Fig. 14, the
ASR-induced expansion was drastically reduced due to the addition of

80

(a) [ Control 777 0.05%DCNF . 1%DCNF
70 | B2 0.3%DCNF  [[77] 0.05%LCNF 1%LCNF

= 0.3%LCNF

Ay

S 60

5 50

=]

2

7 40

()

= g

2 30 ?

2 %

& 4

g 20- g

© 7
10 g

9
%

04 ¢

2 3
Exposure durations (months)

Length expansion (%)

Cement and Concrete Composites 145 (2024) 105316

CNF. At the end of 16 days, the highest expansion of 0.21% was observed
for the control specimen. Compared to the control specimen 0.3%DCNF
sample recorded a decrease of 98.8% whereas 0.3%LCNF mix registered
a decrease of 92.9% in expansion. For 0.1% dosage, the reductions in the
expansion were 84% and 88% for the DCNF and LCNF-containing
samples, respectively. After 1 year of exposure, while the control
batch continued to expand, the CNF-containing samples did not show
any further expansion. After 1 year of exposure, 0.1% DCNF and 0.1%
LCNF samples showed around 89% and 97%, respectively, lower
expansion compared to the control batch.

Cellulose nanofibers consist of negatively charged carboxyl and hy-
droxyl surface groups. The negatively charged surface attracts the
positively charged alkali ions such as Na™ and K* [24]. This attraction
between the two oppositely charged ions leads to the binding of phases
and reduces the availability of alkali ions for ASR. Since Akali ions get
bound with the cellulose nanofibers the formation of ASR gel reduces.
Similar to all other tested parameters, LCNF containing samples per-
formed better against DCNF in the case of ASR resistance.

4. Discussion

It is well established that calcium ions in cement specimens are
susceptible to sulfate attack. During the sulfate attack, hydrated cement
matrix can form M-S-H, ettringite, and gypsum, which can contribute to
the strength loss of the matrix [37]. Previous study reported that CNFs
can enhance resistance of Portland cement composites against NaSO4
by trapping calcium ions through electrostatic links [31]. MgSO4 attack
is usually more aggressive than Na;SO4 due to the formation of M-S-H
and lowering of pH [55,56]. During this study, CNFs were found to be
even more effective against MgSO4 attack compared to the NaySO4
attack. The positive effects of CNF in resisting sulfate damage were
attributed to the microstructural densification due to the enhanced hy-
dration, reinforcing effects, and calcium ion binding. Additionally, 0.1%
LCNF-containing batch showed an increase in strength after exposure to
NaySO4 and MgSO4 solutions for 3 months and 6 months, respectively.
However, based on the XRD data (Figs. 9 and 12), any significant vari-
ation in mineral phase composition was not observed, i.e., the amounts
of ettringite and gypsum consistently increased with exposure duration
for all the batches (with and without CNF). Therefore, the strength
variation with exposure duration is primarily due to the physical effects
of CNF. Specifically, after an initial exposure duration (~3 months),
cracks formed in the matrix, which enabled further intrusion of sulfate
ions and increased the amounts of ettringite formation. In the control
batch, the expansive nature of ettringite further degraded the strength of
the mortar samples. Contradictorily, in CNF-containing samples, the
expansive nature of ettringite is limited by the crack-bridging effects of

(b) —a— Control —w—0.05% DCNF

—4—0.1% DCNF  —+*—0.3% DCNF
0.034 5 0.05% LCNF 0.1% LCNF

0.3% LCNF
0.02 A
0.01 A
0.00 ; r . . : ,
0 4 8 12 16 20 24 28

Exposure durations (weeks)

Fig. 11. (a) Compressive strengths and (b) Length change (expansion, %) of the mortar samples after MgSO,4 exposure.
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Fig. 12. XRD spectra of (a) control (b) DCNF 0.10% (c) LCNF 0.10% specimens before and after 2, 3, and 6 months of MgSO, attack.
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Fig. 13. DTG curves after 6 months of MgSO, attack.

CNF, and therefore, this ettringite formation results in densifications of
the matrix. The increasing sulfate intrusion and expansive stress with
exposure duration eventually cause the fibers to partially collapse and
result in a strength loss after a long term exposure duration (i.e., 6
months).

Interestingly, both LCNF and DCNF were found to be highly effective

in resisting the ASR damage of mortars after long-term exposure (1 year)
in high alkaline environment. Cellulose fibers are known to be suscep-
tible to alkaline degradation [57-59]. However, during such alkaline
degradation process, cellulose binds alkali ions and form alkali cellulose,
which is also addressed as alkaline cellulose nanofibrils in literature [60,
61]. Therefore, when LCNF and DCNF containing mortar samples with
reactive aggregates were exposed to highly alkaline solution (1 N
NaOH), the CNFs trapped the alkali ions through continuous alkali
degradation process and prevented the formation of detrimental alkali
silica reaction (ASR) gel. Specifically, 0.1% dosage of CNFs was
observed to reduce the ASR expansion of the mortar bars by around 90%
compared to the control batch. As such, CNFs can be an effective
alternative to commercially available additives (e.g., lithium-based
admixture or coal fly ash), which are typically used to reduce ASR
damage of concrete.

For all the tested parameters, including 28-day compressive strength,
nano-porosity, sulfate attack, and ASR resistance, LCNF was found to be
more effective compared to DCNF. Important to note, lignin reduces the
water demand of cement mixture and can be used as a plasticizer
[62-64]. Additionally, the residual lignin can impart hydrophobicity to
cellulose nanofibers [65]. In LCNF, both CNF and lignin are naturally
intermixed at the nanoscale. As such, the hydrophobicity of lignin (i.e.,
plasticizer effect) contributes to the superior nanoscale dispersion of
LCNF in cement paste compared to the DCNF. Such superior dispersion
of LCNF resulted in the enhanced performance of LCNF-containing
samples compared to those of DCNF as observed in this study. There-
fore, the presence of lignin in CNF is advantageous for application in
cementitious materials and can be considered a dispersion aid. In wood
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pulps, lignin is naturally present with cellulose, and the production of
DCNF involves the bleaching of wood pulp that generates lignin wastes.
Accordingly, compared to DCNF, the utilization of LCNF in cementitious
materials is not only scientifically advantageous but can also be a more
economical and environmentally friendly pathway.

5. Conclusions

In the present study, the effectiveness of CNF in enhancing the
resistance of mortar samples against sulfate attack and ASR damage was
monitored for 6 months and 1 year, respectively. The following con-
clusions can be drawn.

1. The addition of CNF enhanced the isothermal heat evolution of
cement. The enhanced hydration due to the addition of CNF was also
evident from XRD and TGA results. From both XRD and TGA data,
LCNF containing paste samples showed a higher amount of por-
tlandite formation compared to the DCNF.

. The pore size distribution analysis showed that CNF-containing
samples have higher C-S-H contents compared to the control
batch. However, the 0.1% LCNF-containing sample showed higher
amounts of inner or high-density C-S-H formation, whereas the
0.1% DCNF-containing sample showed higher amounts of outer or
low-density C-S-H.

. The addition of up to 0.1% CNF into the cementitious system can
reduce the expansion during the sulfate attack up to 47%. The
nanofibers acted as a reinforcing agent which arrested the crack
propagation and reduced the expansion.

. Upon incorporating LCNF and DCNF into cement specimens, better
resistance in terms of compressive strength was observed after
exposure to MgSO4 and NaySO4 solution. 0.1% CNF containing
samples was found to have up to 70% higher compressive strength
than the control batch after 6 months of exposure to sulfate solution.
The denser microstructure as well as the Ca?* ion trapping mecha-
nism of CNFs lead to better resistance against sulfate ingress.

. The addition of CNF lowers the expansion of specimens due to ASR
gel formation up to 97%. The alkali ion binding capacity of CNFs was
the primary reason for lower ASR gel formation.

In summary, 0.1% CNF dosage is found to be optimum to enhance
the durability performance of cementitious materials. For all the tested
parameters, LCNF-containing samples showed better performance
compared to DCNF samples. The superior performance of LCNF resulted
from the increased amounts of high-density C-S-H in these samples
compared to the DCNF. Due to the plasticizing effects of lignin, LCNF
achieved a better nanoscale dispersion in cementitious materials
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compared to DCNF.
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