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Abstract

Conventionally, concrete strength depends on the bonding interface, especially in hydrated
products such as calcium silicate hydrate (CSH). As a result, concrete is sensitive under tensile
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load. With its unique properties, alow fraction of carboxylated nitro-oxidized cellulose nanofibrils

(NOCNF) from the banana rachis is employed to improve the mechanical performance of the

"} Check for updates

concrete nano structurally. Compressive and flexural strength using the NOCNF content at 0,

0.05, and 0.1 wt. % cured in 7 and 28 days were evaluated. Notably, the compressive strength
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increased by 16% and flexural strength by 13% at 0.1% NOCNF compared to plain concrete after
the 28 curing days. A low NOCNF fraction achieved a good, albeit impossible, performance with
the microscale fibers. The nanostructured effect was discussed twofold: an excellent interaction
between the NOCNF and the hydrated products and the carboxylic groups on the NOCNF surface
enhanced the cement hydration. These data are better than the literature based on the small-
diameter cellulose nanofibrils without the carboxyl groups. As a sustainable nanocomponent,
NOCNF could be a perfect candidate to improve concrete performance under mechanical load.

Introduction

The mud, grasses, stones, animal hides, or timber
structures were once a luxury. Recently, concrete has
dominated the building industry. Concrete is a multiphase
ceramic composite of aggregates dispersed in a cementitious
matrix. Predominantly, the Calcium-Silicate-Hydrate (CSH)
nanoparticles constitute a primary hydration product of the
cement. The CSH accounts for more than 60% of the cement
hydration products and provides the bonding interface
essential for strength [1]. Concrete is especially strong under
compression load. The concrete is heavy and very brittle,
which is somewhat of a disadvantage. Porosity may be
problematic [2]. Brittleness is mainly expressed in the load
structures under fatigue, impact, uniaxial tension, or flexural
deformation [3]. Traditionally, concrete is reinforced with
steel ribbed bars to supplement load under tension, flexural,
or shear. The natural fibers from non-woody plants such as
banana, sisal, coconut fibers, straws, bamboo, or pine leaves
could mixed with the concrete to impact some ductility.

https://doi.org/10.29328/journal.acee.1001072

These plant fibers are strong and flexible, biodegradable,
renewable, and environmentally friendly, aligning with the
global initiative on sustainability. They come in microscale
sizes. For example, it was reported that a 5 wt.% banana
fibers improved concrete mechanical properties - up to 80%
increase in flexural and compressive strength [4].

Recently, Cellulose Nanofibrils (CNF) have gained
attention as a reinforcement nanocomponent in cementitious
matrices. A 26% enhancement in compressive strength from
about 74 MPa to 93 MPa at 0.05 wt.% cellulose filaments
(CF) was observed by incorporating mechanically treated CF
of diameter 30 - 400 nm from wood [5]. Moreover, a 20.6%
increase in flexural strength from 4.84 MPa to 5.84 MPa at
0.2% CF nanofibril fraction was reported [5]. In addition, a 0.04
wt.% of commercial Microcrystalline Cellulose (MCC) from
cotton resulted in a 10.68% increase in compressive strength,
from about 46 MPa to 51 MPa, and a 25% increase in flexural
strength from about 122 MPa to 152 MPa [6]. Higher content
co. 5 wt.% of CNF from Cladophora algae with a diameter of 37
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nm - 55 nm resulted in a 170% increase in flexural strength,
from 2.21 MPa to 5.96 MPa [7]. The nanofibril reinforcement
is remarkable compared to the 5 wt.% microscale fibers
from bananas. Essentially, the reinforcing mechanism is
complex. A hydration mechanism was suggested, correlating
concrete strength to the presence of CSH nanoparticles. A
cementitious matrix observes a similar phenomenon [1]. The
CNFs primarily act as a water duct, promoting hydration in
capillaries or regions previously occupied by anhydrous
cement particles, such as calcium oxide-silicon oxide [8].
The CSH nanoparticles are also uniformly distributed in the
cement matrix, reducing the porosity. There are still limited
studies on the mechanical performance of concrete structures
reinforced with CNFs. The previous works mainly reported
on concrete composites containing sand and cement. In this
study, concrete constitutes cement, fine aggregates or sand,
and coarse aggregates or gravel. The aggregate's chemical
composition is limestone and silicate. Only Barnat-Hunek, et
al. [9] probably worked on such concretes. Concurrently, a
significant improvement in concrete mechanical properties
was observed using CNFs from apple wastes-a 1 wt.% of CNFs
with an average diameter of 2.68 nm resulted in a 23.3%
increase in compressive strength from 38.8 MPa to 43.7 MPa
and a 34.5% increase in flexural strength from 4.23 MPa to
5.69 MPa [9]. These data are impressive compared to those
from microscale fibers or the microscale filaments with a
higher fiber fraction.

Notably, the primary role of cellulose nanocrystals in the
plant cell wall also inspired this study - though biological
structures achieve these robustmechanical properties through
a hierarchical organization. Celluloseisa 8 - 1, 4 - glucan in an
extended polymer chain conformation. The properties of CNFs
are superior to those of microscale fibers, for example, banana
fibers (tensile strength = 550 MPa, stiffness = 3.5 GPa) [10].
The stiffness of cellulose crystal (110 - 220 GPa) competes
with those of the stiffest synthetic fibrils, such as carbon (150
- 500 GPa) and Kevlar (124 - 134 GPa) [11]. Nanostructurally,
the high stiffness may be correlated to the excellent toughness
of biological structures [12].

Banana rachis fiber predominantly comprises 31 - 49
wt.% cellulose, 16 - 38 wt.% hemicellulose, and 6 - 12
wt.% lignin [13,14]. Nitro-oxidation facilitates CNF isolation
mechanochemically [15]. Nitroxonium ions attack the
hydroxyl group at the C6 position, the hydroxonium ion
introduces the carboxyl groups, and lignin and hemicelluloses
are removed from the cell wall [16]. The process is cheap
and environmentally friendly. The carboxyl and hydroxyl
groups presumably initiate the CSH growth nano structurally
[17]. Hydroxyl radicals are powerful oxidizing agents
everywhere, and their presence in the surroundings is
undesirable [18]. Incorporating the CNF into the concrete may
be essential for scavenging the hydroxyl radicals.

As stated, nanofibrils impact concrete's mechanical
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properties differently than plant fibers—a higher CNF
fraction, such as 5 wt.% from Cladophora or the 1 wt%
from Apple has already shown remarkable results [7]. The
nanofibrils were not oxidized, albeit had no carboxylic groups.
This study investigates a lower fraction (0.05 and 0.1 wt.%)
of carboxylated Nitro-Oxidized Cellulose Nanofibrils (NOCNF)
in addition to the mechanical properties of concrete. The
main objective is to understand the effect of the carboxylated
nanofibrils, the oxidized cellulose nanofibrils, from biomass
waste on the compressive and flexural strength of the concrete.
The previous study reported on the wettability and adhesive
properties of the CNF on the concrete properties [9]. Concrete
mechanical properties strongly correlate to the hydration
process is crucial, and the hydrophilic characteristics of the
nanofibrils are expected to be favorable for the formation
of CSH nanoparticles. Additionally, concrete is very porous,
and the nanoscale size of the nanofibrils is good for filling
the micro and nano-voids, creating a better cementitious
interface. The future of eco-friendly building structures has
potential, and employing CNF has an impact because of its low
carbon footprint.

Materials and methods

Materials

Fine (sand) and coarse aggregates (gravel from rocks)
were obtained from local suppliers in Tanzania along the
coast of East Africa. White natural sand of particle size below
5 mm, moisture content of 0.01%, a specific gravity of 2.6 g/cc,
and fineness modulus of 2.53 was used as a fine aggregate.
The black coarse aggregates particle ranged from 5 to 20 mm,
with a moisture content of 0.05%, specific gravity of 2.6 g/cc,
and fineness modulus of 5.9. In addition, an ordinary Type
II Portland cement (CEM II/ A-L 42.5N, Twiga Cement) was
used. The NOCNF was extracted from Banana rachis through
nitro-oxidation [15].

Physical properties of the NOCNFs

The degree of oxidation was 0.455 mmol/g by
conductometric titration, and the nanofibril diameter of 5.2
nm and length of 1.23 um were reported using a Transmission
Electron Microscope (TEM) (Hitachi, Japan). The TEM imaging
procedure was reported previously [19]. A 5 gm of cement
was dissolved in 20 ml of deionized water to examine cement
dissolution and monitor interaction with the NOCNFs of a
1 wt.% was then added to the solution in volume fractions
of 5, 10, and 30%, vigorously shaken for a minute, and left
overnight.

Preparation of the NOCNF concrete mixture

The mixed proportions of sand, coarse aggregates, water,
and cement by weight were prepared as summarized in
Table 1. The mix proportions by weight, such as cement,
water, sand, aggregate, or gravel, was 100:48:200:300 for
plain concrete's assumed target strength of 32 N/mm2 (N32
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Table 1: A proportional mix composition of sand, coarse aggregates, cement, water,
and NOCNF in the concrete mixture.

0 % NOCNF 375 637.3 1133.1 180 0

0.05 % NOCNF 375 637.3 1133.1 180 1.875
0.1 % NOCNF 375 637.3 1133.1 180 3.750

concrete grade). Three concrete mixtures were prepared
- two samples of 0.05% and 0.1% (wt.% of cement) NOCNF
and a reference sample with 0% NOCNF as a control. Energy-
dispersive X-ray (EDX) determined the chemical composition
of the plain concrete. The main elements reported included
silicon, calcium, aluminum, iron, and potassium; see results in
Table 2. An electron beam with an energy of 15 keV struck the
sample’s surface to emit X-rays.

Workability of the concrete mixture by slump test

A slump test measured the consistency of fresh concrete.
The slump test was done using a frustum of a slump cone
mold with a 30 cm height, top diameter of 10 cm, and bottom
diameter of 20 cm, with a tamping rod of 16 mm diameter and
600 mm long. The concrete samples were mixed for 5 min.
The slump flow was recorded manually for 0%, 0.05%, and
0.1% NOCNF content.

Mechanical characterization of the NOCNF concrete
mixture

The concrete samples were prepared according to the
standard method of making and curing test specimens [20].
The concrete cubes of 150 x 150 x 150 mm? (Figure 1A,B) were
prepared for the compressive strength test. The compression
test was performed using the Universal Tensile model
UTM 200T (Daewoo Engineering, Korea). The compressive
strength was recorded from the load overextension. Concrete
prisms of dimensions shown in Figure 1C,D were prepared for
the flexural test. The flexural strength was determined using
a four-point bend test where the loading span is 1/3 of the
support span using the Universal tensile machine model UTM
200T (Daewoo Engineering, Korea). The flexural strength
was recorded at fracture. The samples for compression and
flexural tests were cured under water for 7 and 28 days. The
porosity of the concrete samples was measured based on the
density method using Eq. (1). The concrete shrinkage was
determined from the change in length of a concrete sample
when dried from about its liquid limit, expressed as a ratio of
the initial length shrinkage of 0.1 wt.% NOCNF and the plain
concrete samples were monitored over 21 curing days.

Density of concrete (with pores
y (with pores) }100% 1)

Porosity = | 1 -
Density of samples(without pores)
X-ray powder diffraction analysis

The crystal structures of the NOCNF, plain concrete, and
0.1% NOCNF concrete mixtures cured after 28 days were
examined. The NOCNF film was prepared and then attached
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Table 2: Elemental composition of the plain concrete mixture.

Element Composition (%)
Silicon, Si 48.040
Calcium, Ca 28.538
Aluminum, Al 15.196
Iron, Fe 5.256
Potassium, K 0.502

beefjo

a=150

=100

=500

Figure 1: A compression and flexural strength test setup (A) Image of a compression
cube loaded under compression test (B) A compression cube dimensions (C) Image

of a rectangular prism under the flexural test setup (D) A schematic diagram of four-
point bend test and dimensions of a flexural rectangular prism.

to the sample holder with masking tape. The concrete
samples, including sand and gravel, were crushed to powder
for analysis. The X-ray Powder Diffraction (XRD) patterns
were collected in the 28 range of 5° - 45° using an X-ray
diffractometer (Rigaku Co., Ltd., South Africa) with Cu Ka
radiation (A = 1.5418 A) at 40 kV and 40 mA.

Results and discussions

Hydrocolloid suspension of cement particles and
NOCNF

Figure 2A shows the TEM image characterizing the
nanofibrils. The structural information is published elsewhere
[19]. Notably, the nanofibrils are thin and micrometers
long- a 1 wt.% of the NOCNF hydrogel is presented in the
extract image; see Figures 2A,2B is the visual inspection
of a hydrocolloid suspension of NOCNF-cement mixture in
glass vials. The cement particles and NOCNF were shaken to
monitor the hydrocolloid stability of the cement particles.
Initially, the cement particles partially dissolved in the
absence of NOCNF. The dissolved particles (mainly CaO)
appear brownish in the supernatant. Then, the cement
particles gradually stabilized with the addition of the NOCNF
content. The nanoscale properties, including the presence
of the carboxylic groups, of the NOCNF are responsible for
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% OF NOCNF IN A CEMENT HYDROCOLLOID

Figure 2: NOCNF-Cement particle hydrocolloid mixture (A) A TEM image of the
NOCNF at high resolution. An insert is a photographic image of 1.0 wt. % NOCNF

suspension in a test tube (B) A hydrocolloid suspension of 0%, 5%, 10%, and 30 wt. %
NOCNF content dispersed in a cement particles (5 pm) hydrocolloid.

the cement particle stabilization observed in Figure 2B. The
nanofibrils are long and slender, essential for entanglements
in the suspension. The carboxylic groups may be stable even
over a wide pH range. Predominantly, the cement particles
contain calcium oxide and silicon oxide [1,17]. In principle,
hydrated products such as CSH or CH precipitation begins
once the cement particles dissolve in water. A supersaturation
initiates nucleation and growth [17]. The observed particles
at 0% NOCNF are from the undissolved cement particles,
probably the SiO.

Workability of the NOCNF concrete paste

The bar chart in Figure 3A presents the slump flow of the
NOCNF concrete and the reference material. The slump cone
filled with the concrete mixture was slowly lifted, eventually
recording the slump flow; see the cone and the concrete in
Figure 3B. From the image, the slump flow corresponds to the
height reduced, as observed from the arrow. The decrease is
remarkable at a low fraction addition of NOCNF. For example,
the slump height decreased by 40.8% at 0.05 wt.% fraction
(slump flow = 80 mm) compared to the reference sample at
0% (slump flow = 130 mm). The insignificant slump change for
0.05% and 0.1% samples in Figure 3A is difficult to understand.
Concrete workability depends on water-to-cement ratio,
mixing design ratios, size and grading of aggregates, and use
of admixtures or supplementary cementitious materials. The
slumpresults are consistentwith previous findings by Hisseine,
et al. [5]. Up to 300% slump flow was reduced using 0.3 wt.%
wood cellulose filaments, a somewhat higher addition of larger
nanofibrils (diameter ~ 400 nm). Moreover, the data support
observing those from the hydrocolloid presented in Figure 2B.
One possibility is that the rich content of surface hydroxyl and
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carboxylic groups allows for a strong interaction, especially
with water molecules. As such, the cement hydration is
probably hindered, reducing the concrete workability. Sugars,
corn syrups, hydroxycarboxylic, acid, and lignosulfonates
admixtures show similar phenomena with cement [2]. A 75
to 100 mm slump flow has medium workability [21]. Notably,
understanding the NOCNF optimum concentration and its
relationship to workability may be debatable.

Mechanical properties of the NOCNF concrete

The compressive and flexural strength of the reinforced
concrete under uniaxial deformation after 7 and 28 curing
days are presented in the bar charts in Figure 4A-D. Table 3
compares the flexural and compressive strength of the NOCNF
concrete with reference materials from other cementitious
systems. Higher mechanical properties were observed after
28 days compared to the 7 days of curing.

Compressive strength: From Figure 44, the 0.05% and
0.10% NOCNF samples showed a 1.8% and 17.4% increase
in compressive strength after 7 days and a 7.9% and 15.4%
increase in strength after 28 days of curing, respectively.
The compressive strength increases linearly with the NOCNF
content, positively impacting the concrete mechanical
performance. Figure 4B shows crack positions on the sides
of the cube. No cracks were observed on the top and bottom
planes for a 0.05% NOCNF sample. The compressive load
constrained the movement of the plane on the top surface. The
cracks on the cubes’ sides indicate a good brittle failure [22].
Higher CNF fractions of up to 0.3% were reported in previous
studies without a significant improvement in mechanical
properties [5,23,24]. Entanglements or agglomerations could
be a problem at higher fractions for large-diameter nanofibrils
such as microscale fibers. In contrast, the compressive data
of the concrete reinforced with the apple CNF at a 1 wt.%
fraction is higher [9]. For the current data, the compressive
strength is unique with such a higher strength at a lower
NOCNF fraction. While the compressive strength relates
to other studies in the literature, we have demonstrated a
comparable compressive strength at lower co. 0.1% NOCNF
content. The higher compressive data from the literature
on Kraft wood microfilament and cotton microcrystalline
reinforced concrete came from a concrete mixture with fine
aggregates. Mechanical data from microscale fibers such as
banana fibers (5% fiber fraction) [4] and pine needles (0.5%
fiber fraction) [25] at the same load fraction would probably
be lower compared to the current data at 0.05% NOCNF
content.

Flexural strength: Figure 4C presents the results of
the flexural strength of NOCNF-reinforced concrete and
the reference material. Figure 4D is the concrete sample at
maximum deflection after failure. The flexural strength at
0.05% and 0.1% NOCNF increased from 3.25 to 6 MPa after
7 curing days, corresponding to an enhancement of 3.4%.
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Figure 3: NOCNF-Concrete workability data (A) A bar chart of slump flow against NOCNF content (B) Slump test set up and a concrete flow at 0.05 % NOCNF

content. The arrow points along the direction of the concrete flow.

Table 3: Flexural and compressive strength of reinforced concrete with NOCNF and reference materials from various sources.

Flexural strength (MPa) Compressive strength (MPa)

Sample Description CNF Content Nanofibril Curing time Rein d Reinf d
P P (%) diameter (nm) (days) eintorce % increase etniorce % increase
concrete concrete
1 Banana rachis NOCNF + 01 5.3 28 71(14) 12.7(0.7) 353 (1.9) 15.7 This study
gravels + sand + cement
2 Apple CNF + gravels + sand 1 27 28 5.7 35.7 43.7 12.7 [9]
+ cement
3. Cladophora algae CNF + 5 37_55 28 6.0 173 _ - 171
sand + cement
4, Kraftwood pulp cellulose 0.2 30 - 400 28 58 20.6 76 261 5]
microfilament + cement
Cotton cellulose
5. microcrystalline + sand + 0.04 >~100 28 152 25.6 51 10.9 [6]
cement
6. Banana flbers + gravels + 5 142000 1.0 78.6 6.3 64 [4]
sand + soil + cement
7. ~ Pinencedleleaves + gravels 05 microscale 28 49 25.6 419 2.7 [25]
+sand + cement

The flexural data reached 5 and 7.1 MPa, respectively, after
28 curing days, corresponding to an enhancement of 12.7%.
The control sample with 0% NOCNF showed a higher flexural
strength of 5.8 MPa than the 0.05% NOCNF samples at 7 and 28
days of curing. The lower flexural strength value at the lower
NOCNF content is challenging. As stated, the plain concrete
is brittle and sensitive to cracks under uniaxial tension. The
presence of negatively charged carboxyl groups was expected
to enhance the formation of a more rigid cementitious matrix.
The flexural data are superior to other concrete with coarse
aggregates and reinforced with CNF, for example, apple CNF-
concrete [9]. The flexural strength of the concrete reinforced
with MCC is much higher because of fine aggregates and
superplasticizers.

Concrete shrinkage and porosity: Figure 4E presents
shrinkage data, and Figure 4F is the porosity data associated
with NOCNF content and the curing days. The shrinkage
data of the 0.1% NOCNF sample is plotted with the reference
material from a block of plain concrete. The concrete
shrinkage increases with the number of curing days used in the
experiment, up to 21 days. Initially, the 0.1% NOCNF sample

https://doi.org/10.29328/journal.acee.1001072

shrank more in a liquid state than the plain concrete. Then,
the shrinkage of the plain concrete and 0.1% NOCNF gradually
coincide after 7 to 14 days. There is a linkage between higher
shrinkage data and those of the compressive strength and
flexural strength observed at 0.1% NOCNF fraction compared
to that of the plain concrete, see Figure 4A,C. Notably, the block
of NOCNF concrete shrunk 1.5 times compared to the plain
concrete after the third day. Although the NOCNFs compete
for the water molecules with the anhydrous cement particles,
they also facilitate the formation of more CSH bonds [26]. The
shrinkage characteristic around the first seven days deserves
a detailed theoretical and experimental understanding
beyond the scope of this work. The hydrophilic properties of
cellulose were associated with dispatching the retained water
to the cementitious matrix.

The porosity of the concrete mixture also decreases
with increased NOCNF content, Figure 4F. The porosity
of the 0.05% NOCNF sample is unusually high. The lower
flexural properties of the 0.05% NOCNF compared to the
plain concrete may be related to this higher porosity (Figure
4F,C). In addition, there is no appreciable difference in the
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Figure 4: NOCNF-Concrete mechanical properties. (A) A bar chart of the relationship of NOCNF content to compressive strength (B) Compression cube after
test indicating regions of a satisfactory compression failure zone of a 0.1% NOCNF concrete (C) A bar chart showing the relationship of NOCNF content to

flexural strength (D) A flexural test setup and a plain concrete sample crack position under four-point bend test (E) A graph of concrete shrinkage against
the number of curing days (F) The graph of a relationship between concrete porosity to the NOCNF content.

concrete porosity between 7 and 28 curing days. As such, the
possibility of a nanostructured effect dominates, related to
the NOCNF presence and the formation of CSH. The NOCNFs
have an advantage due to their higher packing density in
concrete [27-29], decreasing the porosity and increasing the
probability of the nanofibrils intercepting micro-cracks in
the cement matrix. Unfortunately, this work did not report
the high-resolution microstructure examination to elucidate
the presence of the nanostructured CSH and NOCNF in the
concrete mixture.

X-ray powder diffraction of the NOCNF concrete

Figure 5 presents the XRD pattern of the pure NOCNF film,
plain concrete, and 0.1% NOCNF concrete samples. A weak
peak at 2theta = 15.4° and a strong peak at 2theta = 22.6° are
apparently from the presence of cellulose 1 [30]. The plain
concrete pattern demonstrates sharp peaks at 20.8°, 26.7°,
and 29.7° maxima. The peaks at 2theta = 10.2° and 28.3° are

2(1"—; 28.2°

20=226"
¥

20=154"
¥

20=105"
vIS

0.1%NOCNF

10 15 20 35 30
26 degrees

Figure 5: XRD Diffraction data of pure NOCNF film, plain concrete, and nanoengineered

concrete with 0.1% NOCNF, cured at 28 days.
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mainly present in the 0.1% NOCNF concrete mixture. The
peaks from NOCNF at 15.2° and 22.6° disappeared in the
diffraction pattern of a concrete sample, probably due to the
dominant presence of the concrete phases. The diffraction
pattern with sharp peaks at 2theta = 10.2° and 28.3° from the
NOCNF concrete sample is difficult to understand. A typical
diffraction pattern of a pure CSH phase shows peaks around
8.4°, 29.9°, 32.0°, 35.7° and 49.7° [31]. Mohammadkazemi,
et al. [32] observed an accelerated production of CSH during
hydration with the addition of bacterial CNF. The data
from the diffraction peaks of the concrete samples may be
associated with CSH nanoparticles. Observing the typical CSH
peaks is difficult compared to the reflection peaks from the
pure CSH phase because of the concrete phase's distortion.
In its crystalline forms, like tobermorite, CSH may show
distinct peaks but is typically amorphous or nanocrystalline
in concrete [33]. However, Ramachandran, Beaudoin [2], and
El-Feky, et al. [6] associated higher water content regions in a
concrete mixture with CH crystals rather than the CSH phase.
With increasing cement particle stability in the presence of
higher NOCNF content from our hydrocolloid images (Figure
2B), a strong argument probably favors forming a hydrated
phase in the 0.1% NOCNF concrete samples. As such, the
strong peak at 28.6° may be associated with the formation
of CH crystals, probably from amphibole, calcite, quartz, or
aragonite, since a peak from the CSH hydrates is not apparent.
The CH or CSH is carbonated to form aragonite or calcite upon
exposure to carbon dioxide at high humidity [34]. Moreover,
since XRD patterns are obtained using the concrete samples,
and also knowing that almost 80% of the concrete volume
consists of sand and gravel [35], the peaks at 2theta = 10.2°
and 28° are probably related to the change inhomogeneity of
the samples.

Limitations and future perspective of CNF application
on concrete

The concept of incorporating CNF with small diameters
into concrete to enhance its properties has been explored
by Barknaut, et al. in 2019 [9]. The study utilized CNFs with
a diameter of 2.3 nm obtained from apple peels. El-Feky,
et al. [6] also emphasized the significant role of CNFs in
improving the mechanical properties of concrete, particularly
in enhancing its strength and durability. Our current study
employed carboxylated CNF, specifically nitro-oxidized
CNF, with a small diameter derived from banana rachis.
However, there are two main limitations to consider. First,
microstructure examination data on forming CSH are not
reported. Understanding the relationship between structure
and properties necessitates a better comprehension of the
morphology and structure of the particles, which would
complement the XRD and hydrocolloid data presented. The
microscale fibers from biomass do not have a substantial effect
on the properties of concrete. Second, integrating biomass,
mainly using innovative nanotechnology approaches, into
the construction industry has not been sufficiently explored.

https://doi.org/10.29328/journal.acee.1001072

6]

Though the authors have observed a significant improvement
in flexural and compressive strength, fracture toughness, a
parameter related to ductility, has not been investigated. An
optimized study is needed, considering the effect of moisture
contentand curing time. A mechanistic model of an engineered
concrete/CNF may be developed based on these findings. CNF
is an appealing material due to its exceptional strength and
stiffness compared to steel, Kevlar, carbon nanotubes, and
glass fibers, all commonly used in construction. Furthermore,
the surface hydroxyl groups can be modified to introduce
functionalities, paving the way for smart concrete materials
embedded with electronics and electrical components, such
as temperature and humidity sensors, self-cleaning or self-
repair mechanisms, and more.

Like apple peels, banana rachis is abundantly available
from biomass waste. Both the study by Barknaut, et al. in
2019 [9] and our current study demonstrate the potential of
biomass in technological applications. This idea is not only
innovative but also holds significant promise for the future,
especially given the majority of studies focusing on energy
generation. The ongoing research in the literature [36] aims to
integrate the biorefinery concept, where various components
can be derived from biomass waste, including energy,
nanofibrils, chemicals, and other valuable products like paper.
Implementing this concept in the construction industry could
yield far-reaching benefits. Furthermore, this topic aligns
with the United Nations Charter goal number 17, promoting
sustainable development, and is in line with Tanzania's
strategic goals under the Tanzania Social Action Fund (TASAF)
established in 2000 to eradicate poverty and reduce social
inequalities [37]. This alignment with sustainability goals is a
significant step towards a more sustainable future.

Conclusion

A low fraction of well-individualized NOCNF from banana
rachis was employed to investigate the nanoscale effect on
concrete's mechanical (compressive and flexural) properties
in a hardened state. The study observed a substantial impact of
the NOCNF on concrete properties. First, the cement paste was
stabilized in water by adding a small NOCNF fraction. Second,
the concrete with 0.1% NOCNF yielded better compression
and flexural strength results for 28 days with a 16% and 13%
increase compared to the 0.05 wt.% of NOCNF. The concrete
porosity decreases with the increase in NOCNF content, which
correlates to the mechanical properties. Thus, twofold may
be a possible nanostructured effect on mechanical properties.
One is associated with increased nanofibril packing at the
bonding interface, supported by the shrinkage and porosity
data of the 0.1% NOCNF sample. Second, the presence of
the carboxyl groups (from the high degree of oxidation =
0.455 mmol/g) has an added advantage, combining the high
strength and stiffness attributes of the NOCNF and the bonding
strength from the cement hydration products such as CSH and
CH. Higher mechanical performance is achieved using a low
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fraction of NOCNF, a high-quality individualized nanofibril
from the banana rachis. As a sustainable nanocomponent,
the discussion about reducing the amount of cement in the
concrete could be an attractive idea.
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