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Abstract

In this study, the characteristics of jute fibers and cellulose nanofibrils (CNFs) and their impacts on mechanical strength were
compared, particularly from the standpoint of their application as reinforcement in extruded fiber—cement composites. Raw
jute fibers were subjected to an alkaline treatment before being fibrillated into CNFs. The fiber—cement composites were
produced with jute fibers (0.5% and 2%) and CNFs (0.5% and 2%) via extrusion process. Both percentages of reinforcement
were based on the cement mass. In addition, hybrid composites with a mixture of fibers and CNFs were produced. Hydroxy-
propyl methylcellulose and carboxylic polyether were used as additives to improve the mixture’s rtheology. The composites
were subjected to natural weathering for 5 months before being analyzed for their physical and mechanical properties. CNFs
and jute fibers subjected to NaOH treatment presented a higher initial degradation temperature (7,,,,,,). The apparent porosity
decreased for all compositions studied, reaching a 75% reduction for the sample reinforced with 2% CNFs. Fiber—cement
with a hybrid reinforcement of 1.5% CNFs+0.5% fibers exhibited the strongest mechanical performance. All compositions
showed a decrease in the modulus of elasticity after natural weathering. In contrast, the modulus of rupture and the limit of
proportionality showed an average gain of 1 MPa for fiber—cement composites produced with hybrid reinforcements. The
better mechanical performance of the hybrid formulations may be owing to the synergistic work of the fibers and CNFs,
suggesting the potential of cellulose CNFs for use as reinforcement in cement-based composites.
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Statement of Novelty

Studies that characterize composites reinforced with CNFs
which present networks that can provide excellent mechani-
cal properties to fiber—cement, especially after weathering,
remain scarce. This work reports on a study that investigated
how natural weathering, including exposure to rain, wind,
humidity, and sunlight, can influence the mechanical proper-
ties of fiber—cement composites. The results obtained may
contribute to the production of natural weathering-resistant
fiber—cement composites using natural and renewable mate-
rials, which are widely available and at low cost.

Introduction
Jute plants (Corchorus sp.) are an attractive source of fibers

because they are easily obtained, highly available, and inex-
pensive [1]. Originally from India, the jute plant is a resilient
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vegetable fiber source widely cultivated in some regions of
Asia, such as China, India, and Bangladesh. Additionally,
it is one of the most important temporary crops produced
in Brazil, mainly in the states of Amazonas and Bahia [2].
In Brazil, jute cultivation has become one of the main
economic activities for the Amazon population. Jute can
be cultivated in river gutters without causing deforestation
or water degradation. The planting cycle takes 6 months
and coincides with the flood and ebb periods of the rivers.
Owing to their high mechanical strength [3], these fibers
are used to produce fabrics, packaging, belts, and twine,
in addition to rugs and carpets. The strong mechanical
properties of this fiber also enable its use in polymer com-
posites, which has been widely studied by several research
groups [4]. The use of jute in composite materials has been
increasingly gaining popularity in recent years, such as its
use in composites associated with glass fibers [5], rein-
forcement in polymeric composites [6, 7], cementitious
matrices [8, 9], and new advances in nanotechnology that
enable the use of jute fibers in the development of new
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materials [10, 11]. Because jute fibers are rich in cellu-
lose (45-72%) [12], they can be used as feedstock for the
production of CNFs. These structures are produced from
the fibers after being subjected to chemical, enzymatic,
or mechanical treatments, with final diameters measur-
ing less than 100 nm [11]. CNFs are formed by a linear
association of cellulose chains that form both amorphous
and crystalline regions and may form entangled networks
with a high surface area.

The preparation of CNFs from cellulose fibers includes
several methods that can be used in combination or inde-
pendently, such as refining [13], cryocrushing [14], micro-
fluidization [15], milling [16], steam explosion [17],
TEMPO oxidation [18], and mechanical fibrillation [19,
20]. Mechanical fibrillation allows for the delamination of
the fiber cell wall by multiple shearing cycles. The high
shear is caused by the action of two closely placed cir-
cular stones inside the grinder, one being stationary and
the other rotating at a high frequency. Mechanical meth-
ods can be carried out with a lower reagent content than
that in the case of chemical hydrolysis to obtain cellulose
nanocrystals/nanowhiskers [21]. CNF production can be
facilitated by pretreatments, which increase the yield and
reduce energy consumption during fibrillation. Alkaline
pretreatment has been reported in the literature for the
removal of non-cellulosic components, such as extractives,
hemicelluloses, and lignin [22-25]. It has also been shown
to be effective in facilitating fibrillation.

In cementitious matrices, including fibers, their micro-
structure is reinforced, which increases the impact strength
of the fragile matrix and minimizes matrix cracking [26].
Vegetal fibers associated with cement composites have
been employed because of their low cost, availability
from renewable sources, lack of environmental toxicity,
and excellent mechanical properties [27-33]. Many veg-
etal fibers or CNFs originating from them, such as jute
[1], eucalyptus [26, 34], pine [35], corn cob [36], date
palm [37], and bamboo [38], have the potential to be used
as reinforcements in fiber—cement composites. The high
nanoscale interaction between elements may form a per-
colated network connected by hydrogen bonds, which
allows for the effective dispersion of CNFs in the matrix
[39]. CNFs could be more effective as composite rein-
forcements when compared to their equivalent macro/
microscale because of their greater specific area available
for connection with the matrix. However, comparing the
reinforcement with fibers and CNFs in the fiber—cement
and their impact on the composite microstructure and
mechanical performance still requires further investiga-
tion. In this study, the influence of jute fibers and CNFs as
reinforcements in extruded fiber—cement composites and
the impact on their mechanical strength after 28 days of
curing and natural weathering are analyzed.

Materials and Methods
Obtainment and Pretreatment of the Jute Fibers

Jute fibers (Corchorus sp.) were provided by Brasjuta da
Amazonia S.A. The fibers were cut about 10 mm in length,
and ground in a knife mill (Marconi, SP—Brazil) equipped
with a 10-mesh sieve (2.0 mm). The fibers were alkaline
pretreated according to the methods described in Yue et al.
[40]. For each 5 g of fiber, 100 mL of 5% (m/v) NaOH solu-
tion was used. The pretreatment was performed at 80 °C
under constant stirring at 1500 rpm for 2 h. Posteriorly, the
fibers were rinsed to remove NaOH excess and oven-dried
at 40 °C for 24 h.

Chemical Analysis of the Jute Fibers

The total extractives content was determined as established
in NBR 14,853 standard [41] using toluol—ethanol extraction
followed by washing with hot-water. The insoluble lignin
content was measured by acid hydrolysis with sulfuric acid
(72% vIv) followed by boiling in hot-water, according to
the NBR 7989 standard [42]. The holocellulose content
(cellulose + hemicelluloses) was obtained according to the
methodology proposed by Browning [43]. Afterwards, the
cellulose content was determined by reacting holocellulose
with potassium hydroxide, following the methodology pro-
posed by Kennedy et al. [44]. The hemicelluloses content
was calculated by subtracting the cellulose content from
the holocellulose content. A furnace at 525 °C was used to
assess the ash content, according to the NBR 13999 [45].

Production of the Jute CNFs

Alkali-treated jute fibers (1% m/v) were soaked in water
at room temperature (+21 °C) for 48 h and then stirred at
2000 rpm for 1 h. The treated fibers were processed in a
Massuko-Sangyo® SuperMasscolloider grinder (MKCAG6-2)
at 1500 rpm, with a 0.01 mm gap between the silicon-car-
bide stone discs. The CNFs were obtained after 30 passages
through the grinder based on methods suggested in previous
studies [19, 20, 37].

Microstructure of the Fibers/CNFs

A scanning electron microscope (Zeiss DMS 940A), oper-
ating at 15 kV, with tungsten filament, was used to obtain
micrographs of the fibers and CNFs. The samples were
spread over double-sided carbon adhesive strips, previously
fixed over aluminum sample holders (stubs), and gold-coated
before visualization. The CNFs were additionally visualized
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by a transmission electron microscope (FEI Tecnai 12) oper-
ating at 120 kV. CNFs suspensions were stained with uranyl
acetate and a drop was deposited on formvar/carbon-coated
with 400-mesh (0.037 mm) copper grids and dried before
the analysis. The average diameter of the CNFs was meas-
ured using the analyzer software ImageJ. Approximately 500
measurements were taken to evaluate the diameter distribu-
tion of the CNFs filaments.

Thermogravimetric Analysis (TGA) of the Fibers/
CNFs

The thermal analysis of raw jute, NaOH-treated and CNFs
was conducted in a TA Instruments thermal analyzer TGA
Q500, with a heating rate of 10 °C/min. The analysis was
performed under two conditions to understand the fibers
and CNFs behavior during both pyrolysis and combustion.
The pyrolysis occurs under inert atmosphere (N,; gas flow
50 mL/min), and is defined as the thermochemical degrada-
tion of a substance or material, when heat is applied in total
absence of an oxidant [46]. The combustion occurs under
oxidative atmosphere with synthetic air, (80% N, and 20%
of O,), with gas flow of 100 mL/min. The temperature in
which degradation begins (7,,,,,) Was established according
to Scatolino et al. [47], by the intersection of the extrapola-
tion line of the linear region of the curve (with no mass loss)
with the tangent curve of the first stage of thermal degrada-
tion. The curves of derivative thermogravimetric analysis
(DTG) were drawn to facilitate the visualization of degrada-
tion peaks. The percentage of volatile matter was determined
by the difference between the total mass of the sample and
the percentage of mass lost in the first linear region of the
curve. The amount of mineral residues was represented by
the mass remaining after the end of the analysis.

X-ray Diffraction of the Fibers/CNFs

Typical X-ray diffractograms of the starting jute, NaOH-
treated, and CNFs were obtained by a Rigaku diffractom-
eter XRD 600, operating at 30 kV, 30 mA and radiation of
CuKa=1.54056 A. The scanning was performed at a 26/
min rate from 5° to 40° (20). According to previous works
[48-51], Segal index is not suitable to estimate the cellulose
crystallinity because of many features regarding its crystal
configuration, such as crystal size and degree of polymor-
phism. Then, the crystallinity was calculated by the amor-
phous and crystalline fractions (Eq. 1).

C

a

C. =
T7c,+4A, M

where C;is the crystalline fraction; C, is the sum of the
areas under the theoretical crystalline curves and A, is the
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sum of the areas under the theoretical amorphous curves.
The program Mercury 3.7 was used to produce theoretical
diffraction patterns for crystalline and amorphous fractions,
varying the peak width at half maximum (PWHM) of cellu-
lose Ip and cellulose II, respectively [50]. For the amorphous
halo, it was used cellulose II CIF (Crystallographic Infor-
mation File) with PWHM of 9 and a correction factor [52].
Cellulose If has been chosen for the calculations because it
is the most abundant cellulose polymorph for higher plants
in nature [40]. All measurements were carried out on the
theoretical curves after the fitting process. The CIF files
were obtained from complementary data in French [48] and
edited to fit the theoretical curve into the experimental one
according to Correia et al. [49].

Crystallite size was determined by Scherrer’s equation
(Eq. 2) described by Langford and Wilson [51]. Addition-
ally, the number of cellulose chains in the crystals was deter-
mined according to Ballesteros et al. [52].

kA
h pcos@ @)

where D is the perpendicular size to the lattice plane (200);
k is the correction factor (0.9); 4 is the X-ray radiation wave-
length (1.54 A); B is the PWHM of the diffraction peak (in
radians) and @ is the diffraction angle of the peak (22.7°).

Fourier-Transform Infrared Spectroscopy (FTIR)
of the Fibers/CNFs

The samples of starting jute, NaOH-treated, and CNFs were
crushed and homogenized before the analysis. A Shimadzu
spectrometer IRAffinity-1 was used to obtain the spectra,
using 32 scans, ranging from 400 to 4000/cm and resolution
of 2/cm. Posteriorly, the samples were dried at 40 °C until
constant mass and then incorporated to KBr in a proportion
of 1:100 (m:m).

Production of the Fiber-Cement Composites

The cementitious matrix was composed of Ordinary Port-
land Cement CP V-ARI, corresponding to Type I (ASTM-
C150) and ground agricultural limestone. Hydroxypropyl
methylcellulose (HPMC) and carboxylic polyether (ADVA)
were applied as additives to improve the mixture’s rheology.
For all formulations (Table 1), 1% (based on the cement
mass) of both additives was used, as described by Teixeira
et al. [53].

Cement, limestone and reinforcement (jute fibers or
CNFs) were first mixed in a beater for approximately
5 min to efficiently disperse the reinforcement. Afterwards,
the water and additives were added (Fig. 1). The whole
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Table 1. Comp osi.tions of the Reinforcement Water/cement Cement Limestone
extruded composites
Based on cement mass (%)
Control Unreinforced 0.30 68.0 30.0
0.5F 0.5% fibers 0.34 67.5 30.0
2.0F 2.0% fibers 0.33 66.0 30.0
0.5N 0.5% CNFs 0.41 67.5 30.0
20N 2.0% CNFs 0.42 66.0 30.0
FO.5+N1.5 0.5% fibers + 1.5% CNFs 0.41 66.0 30.0
F1.0+N1.0 1.0% fibers+ 1.0% CNFs 0.39 66.0 30.0
F1.5+NO0.5 1.5% fibers +0.5% CNFs 0.39 66.0 30.0

The 2% remaining in the composition refers to HPMC and ADVA additives

Fiber reinforced
(0.5 and 2% ¥)

CNFs reinforced
(0.5 and 2%)

Hybrid Fiber-CNF reinforced
(F0.5+N11.5)
(F1.0+N1.0) (F1.5+NO0.5)

Fig. 1 Scheme of the composites production. “Fibers and/or CNFs + Water + Cement + Limestone + HPMC + ADVA; ““Based on cement mass

formulation was then mixed for approximately 10 min for
homogenization.

In mixtures with 2% of jute fibers (2.0F), there was
some loss of its pseudoplastic behavior in the beginning
of the extrusion process. This can be related to a high vol-
ume of fibers (2% in relation to cement mass) were used as

reinforcement, resulting in their interlacing and clogging of
the extruder die. This mixture behavior was not observed
when 2% (by mass) of CNFs (2.0 N) were used as rein-
forcement, which may be explained by the higher water/
cement ratio (0.42) of this formulation. The water/cement
ratio was higher when CNFs were used as reinforcement
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when compared to formulations with natural jute fibers.
After CNFs production, the excess water from the gelatinous
suspension was removed, but a considerable amount of water
remained in the suspension (90% of moisture). This residual
water increased the water/cement ratio. The composites were
obtained with nominal dimensions 200X 30 X 20 mm in a
Verdés single-screw extruder. After molding, the composites
were stored in a sealed container, with saturated humidity,
at room temperature (+21 °C) for 28 days.

Apparent Density and Apparent Porosity
of the Composites

Physical properties such as apparent density and appar-
ent porosity were analyzed according to ASTM C 948-81
standard [54]. The samples were immersed in water at room
temperature (+21 °C) for 24 h to assess wet mass (water-
saturated composite with removal of the excess water from
the surface) and immersed mass. Posteriorly, the samples
were oven-dried at 80 °C for 24 h to determine the dry mass.
Six samples were evaluated for each formulation. Equations
(3) and (4) were used to assess the physical properties.

Dm

A t density = ———— X
pparent density I — Wi p 3)
Apparent porosity = w x 100 4)

m— Wm

where Dm is the dry mass (g); Wm is the water-saturated
mass (g) from the composite with removal of the excess
water from the surface; Im is the mass (g) after water immer-
sion (24 h) and p is the density (g/cm?) of the liquid where
the samples were immersed (distilled water; p=1 g/cm?).

Mechanical Properties of the Composites

The mechanical tests were performed using a universal test-
ing machine TIME-SHIJIN WDW-20E (load cell 20 kN).
A configuration with three points (lower gap 150 mm) was
used to determine the modulus of rupture (MOR), limit of
proportionality (LOP), modulus of elasticity (MOE) and
tenacity in static bending. The configuration and calcula-
tions followed the procedures suggested in Rilem [55] and
described in detail in previous studies [56, 57]. For each
formulation, six samples of fiber—cement were evaluated.

Natural Weathering of the Composites

The samples were weather-exposed, in a bench with an
inclination of 45° with the surface of the terrain, facing the
“true north” for 5 months, from February to June, which
correspond to the end of the summer and beginning of
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winter in the Southern Hemisphere. The bench was located
in the city of Lavras, State of Minas Gerais, Brazil, where
the mean annual temperature is 27 °C, relative humidity is
around 60%, 919 m of altitude, 21°14'43" S of latitude and
44°59'59" W of longitude. During this period, the maxi-
mum and minimum temperatures were 33 and 15 °C, the
average wind speed was between 5.2 and 14.8 km/h, the
rainfall was approximately 1300 mm/year and the average
relative humidity was around 63%. During the 5 months
abovementioned, there was an intense variation in weather
conditions in the region. The samples were exposed to high
and low temperatures, rainy and dry climates, with few or
much wind, among other weather conditions. These factors,
among others, may influence the mechanical and microstruc-
tural properties of the fiber—cement composites.

Microstructure of the Composites

The evaluation of the cementitious composites microstruc-
ture was performed through scanning electron microscopy
(SEM) by a IMS 6510 JEOL®) microscope operating at
10 kV. The samples were placed on double-sided carbon
adhesive strips, previously fixed over aluminum sample
holders (stubs) and gold-coated before the visualization.
The analysis was performed on the fracture surface of the
composite samples after the rupture caused by the mechani-
cal tests.

Results and Discussion

Characterization of the Fibers/CNFs

Chemical Analysis of the Fibers/CNFs

NaOH-treated jute fibers showed higher cellulose content
(Table 2). The cell wall structure of vegetal fibers is formed
by cellulose micro/nanofibrils and consequently had a con-

siderable influence on the physical and mechanical proper-
ties of the fibers [58].

Table2 Average and standard deviation of the chemical components
of raw jute fibers and after the pretreatment with NaOH

Chemical components Jute fibers

Raw jute (%) NaOH-treated (%)
Total extractives 1.9+0.2° -
Lignin 11.8+1.2 11.7+£0.9
Cellulose 53.1+3.1 75.0+4.4
Hemicelluloses 323+1.1 12.8+1.3
Ashes 0.9+0.1 0.4+0.1

aStandard deviation
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The degree of influence of hemicelluloses content on
fiber fibrillation is controversial. During mechanical fibril-
lation, hemicelluloses content influences the efficiency of
the process, whereas its reduction enables micro/nanofi-
brils to be individualized [23, 59]. However, previous
studies have found that hemicelluloses may also act as an
inhibitor of CNFs coalescence during filtration/draining of
excess water, and it may contribute to the overall mechani-
cal strength when used in composites [60, 61]. The higher
the hemicellulose content, the higher the efficiency of the
nanofibrillation process [62]. Scatolino et al. [47] noted
that some remaining hemicelluloses did not prevent CNFs
from being formed. Otherwise, the removal of hemicellu-
loses to levels of 9—12% may facilitate fiber deconstruction
[63]. Lignin was responsible for the adhesion between the
inner layers of the fiber cell wall [61]. The NaOH treat-
ment performed did not change the lignin content of the
treated fibers compared to the raw jute fibers.

Fig.2 Typical TGA and DTG 100 150

200

Thermogravimetric Analysis (TGA) of the Fibers/CNFs

The initial mass loss (approximately 10% at 120 °C) for all
samples corresponded to the volatilization of some residual
moisture in the fiber. The main thermal degradation occurs
between 250 and 350 °C (Fig. 2), which corresponds to the
pyrolysis of the cellulose components [30]. Degradation by
pyrolysis occurs slowly and is irreversible. The final residue
is mainly composed of inorganic and unconverted organic
materials.

After reaching the initial degradation temperature
(T,,..)» an irreversible degradation of the biomass begins.
Therefore, the processing temperature of the composite
should not exceed T, This temperature must be con-
sidered as the maximum temperature for processing ligno-
cellulosic materials [64]. Before raw jute fiber underwent
pyrolysis, a high-intensity peak was observed in an inert
atmosphere. The maximum decomposition temperature for
the raw fiber was the highest when compared to that of the
NaOH-treated fibers and CNFs. There was a reduction in
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Tab!e 3 Thermal properties of Material Atmosphere
the jute fibers and CNFs
T, 50t CC) Degradation peak Volatile matter (%)  Ash content (%)
§®)]
Oxidative  Inert  Oxidative  Inert  Oxidative  Inert  Oxidative  Inert
Raw jute 278 299 338 355 8.1 7.8 0.5 11.6
NaOH- treated 281 299 337 345 7.3 7.5 3.5 18.4
CNFs 284 298 337 349 4.7 8.1 3.1 10.8
the maximum temperature of decomposition after treat- 1.2 4
ment with NaOH, which slightly increased for the CNFs g
: : : _ ~ Raw jute
because of thfa reghgnment caused by the fibrillation pro 1.0 = o NeOLtreat.
cess. In an oxidative atmosphere, NaOH-treated fibers and AR A Nanofibrils
P 00
CNFs presented higher T, ,, values when compared to 0.8 e i ¢ Theoretical pwhm 3.8
. . . - = % 3 v Theoritical amorphous
raw fibers. This result was due to the lower relative hemi- | S = ; i

cellulose content and higher relative cellulose content in
NaOH-treated fibers and CNFs. Hemicelluloses begin their
degradation process at lower temperatures than cellulose
[47], so the decrease in hemicelluloses content increased
the 7,,,,, value of the NaOH-treated fibers and CNFs. In
both atmospheres, the jute fiber took longer to move from
the initial degradation (7,,,,,,) to the peak of maximum
degradation. This may have occurred because of the higher
content of non-cellulosic components, such as extractives
and hemicelluloses. Some kinds of extractives, mainly
those soluble in acetone, may provide an increase in ther-
mal stability and extend biomass combustion time [65].
During TGA in an oxidative atmosphere, two predomi-
nant peaks were observed. The first peak (275-375 °C)
occurred because of the release of volatiles when the sam-
ple’s chemical compounds were degraded during combus-
tion, whereas the second peak (400-500 °C) indicated the
carbonization of the formed charcoal [66]. CNFs shows
a higher 7, _,, value (around 284 °C) than NaOH-treated
fibers (around 281 °C) under an oxidative atmosphere
(Table 3). Although these fibers have undergone high
mechanical shear forces during fibrillation (which prob-
ably partially disrupted the crystal structures), they have
been reorganized during oven drying when the samples
were prepared for TGA [67].

The T,,,,, value practically did not change between jute
fibers and CNFs during degradation in an inert atmos-
phere. Scatolino et al. [47] studied the thermal degra-
dation in an oxidative atmosphere of Amazonian paricé
fibers and CNFs and found 7,,,,, values of 255 °C and
266 °C for NaOH-treated fibers and CNFs, respectively.
The DTG curves presented a “shoulder” close to 300 °C
for raw jute in both analyzed atmospheres. This specific
region did not appear for NaOH-treated fibers and CNFs in
the first degradation stage. This effect may be attributed to
the removal of hemicelluloses. Additionally, with partial
removal of non-cellulosic components in the raw fibers,
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Normalized Intensity

Fig.3 Typical X-ray diffractograms of raw jute, NaOH-treated jute
fibers (NaOH-treated) and jute nanofibrils

Table 4 Crystal structure of jute fibers and CNFs

Material Crystalline Crystallite Cellulose
fraction (%) size (nm) chains per
crystallite
Raw jute 65 6.3 81
NaOH-treated 68 7.4 100
CNFs 66 7.3 100

the maximum rate of thermal degradation was intensified
at approximately 340 °C.

X-ray Diffraction of the Fibers/CNFs

Both types of fibers and CNFs show a peak between 20 val-
ues of 16.5° and 22.6°, representing cellulose I [68] (Fig. 3).
NaOH pretreatment resulted in a reduction in hemicellu-
loses, which have an amorphous structure, increasing crys-
tallinity (68%) comparable to the raw fiber (65%) (Table 4).
This finding has also been reported in Correa et al. [69].
The raw fiber presented a broader peak at 22.3°, lat-
tice plane (200), compared to NaOH-treated fibers, which
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increased 4.6% in crystallinity and 17.5% in crystallite size.
CNFs also showed an increase of 1.5% in crystallinity and
15.9% in crystallite size. Both increases were assumed to
be due to the removal of the amorphous counterparts. The
alkali-treated fibers exhibited peaks where 14.8° (1-10) and
16.2° (110) overlapped. The same behavior occurred in the
theoretical curves when the PWHM was increased because
of the amorphous contribution. Although the X-ray atterns
of the CNFs were similar to those of the NaOH-treated jute
fibers, the (1-10) and (110) peaks showed some degree of
separation, whereas the peak at 34.6° (004) was more evi-
dent. The presence of the peaks listed above describes the
typical pattern of cellulose Ip [48]. The NaOH treatment
used here was not sufficient to cause a change in the cellu-
lose polymorphs, as observed when high alkali concentra-
tions (e.g., higher than 12%) are used, transforming cellulose
I into cellulose II [40].

Partial cellulose hydrolysis occurred during treatment,
probably to non-crystalline instead of crystalline domains,
because there was an increase in crystallinity values and
crystallite sizes. The CNFs prepared from NaOH-treated
fibers had a larger crystallite size. In some cases, the high
shearing force of the mechanical process can damage the
cellulose crystalline fraction. As previously discussed, dry-
ing may cause rearrangement of the amorphous parts of
cellulose. Reorganization of the amorphous cellulose into
crystals upon drying has also been reported [70, 71], where
parallel glucan chains crystallized into cellulose I after dry-
ing. In addition, the increase in crystallite size from the raw
fibers to the NaOH-treated ones resulted from more cellulose

Fig.4 FTIR spectra of raw
jute, NaOH-treated jute fibers
(NaOH-treat.) and jute nanofi-
brils; a showing the full spectra
from 4000 to 500/cm; b detail
of the region between 1800 and
1300/cm

chains being packed into the crystallite (see Table 4). Tonoli
et al. [67] found a decrease in crystallite size when com-
paring commercial eucalyptus pulp fibers and CNFs due to
the high shear that occurred during mechanical fibrillation,
which damaged the crystallites.

FTIR Analysis of the Fibers/CNFs

Raw fibers show a lower absorption intensity close to 3330/
cm (Fig. 4), which corresponds to the OH stretching vibra-
tion [72] and provided considerable information concerning
hydrogen bonding in jute fibers or CNFs. The higher inten-
sity of OH vibration in the NaOH-treated fibers and CNFs is
due to the higher cellulose content (see Table 2).

The peak observed at approximately 1740/cm in the
raw fibers refers to the axial deformation of C=0, which is
attributed to the ester-uronic and acetyl groups of hemicel-
luloses or the ester connections of the carboxylic group of
lignin [73]. This peak disappeared after the NaOH treatment
and the individualization of CNFs due to partial removal of
hemicelluloses, again corroborating the results in Table 2.

Peaks between 1462 and 1598/cm refer to the axial defor-
mation of C=C in the aromatic rings of lignin [47]. The
peaks located in this range for the NaOH-treated fibers and
CNFs were lower than those observed for the raw fiber.
This result also agrees with the chemical analysis, which
reported the presence of lignin after the NaOH treatment.
The mechanical fibrillation used to produce CNFs did not
change their chemical structure because it only severed
hydrogen bonds through shearing forces, resulting in the

B Cc=0 _~C N C CH,
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individualization of the micro/nanofibril bundles from the
cell wall.

Peaks between 1370 and 1430/cm, assigned to the sym-
metric CH, bending vibration of the cellulose crystalline
domains, decrease with lower crystallinity [67]. The peaks
located in this range for raw jute fibers, NaOH-treated fibers,
and CNFs did not show significant differences, although the
crystalline fraction of the raw fibers was lower than that of
the NaOH-treated fibers and CNFs (see Table 4).

Morphological Analysis of the Fibers/CNFs

Mechanical fibrillation reduced the average diameter of the
jute fibers, increasing their swelling capacity due to fractur-
ing and detachment of the nanofibrils, as well as increasing
the surface area when dispersed/individualized. In addition
to the changes in chemical composition, NaOH treatment
leads to irreversible changes in the fiber surface [47]. SEM
images show that the surface of the NaOH-treated fibers
is cleaner than that of the raw jute fibers (Fig. 5). How-
ever, some residues were still observed on the surface of
the NaOH-treated fibers. Higher exposition of the cellulose
fibrils was observed for the NaOH-treated fibers. With the
dissolution of the external layers of the cell wall, cellulose

o o .'_,.- A

micro/nanofibrils become more exposed, which facilitates
their individualization [74]. CNFs are generated by fibrilla-
tion of the fiber cell wall and mainly consist of micro/nanofi-
bril bundles with diameters between 10 and 40 nm [75-77].

As discussed previously, the shearing forces applied by
the mechanical grinder were effective in deconstructing the
fiber cell wall, producing CNFs dispersed in water [75]. The
diameter distribution of the jute CNFs (Fig. 6) was obtained
from measurements performed in transmission electron
microscopy images and showed that approximately 80% of
the filaments in the suspension had a diameter lower than
30 nm and an average diameter of approximately 31 nm.
Lin et al. [78] studied CNFs produced from jute fibers and
found diameters ranging from 5 to 20 nm, whereas Das et al.
reported jute CNFs with an average diameter of 146 nm [79].
Lower diameters are expected to improve the performance
of the composites because of the consequent higher aspect
ratios of the filaments, which may improve percolation into
the microstructure of the composite.

Properties of the Fiber-Cement Composites

The apparent density values of the fiber—cement composites
tend to increase with the insertion of CNFs (Table 5). This

Res'd“es \ /
‘ Exposition of

. the cellulose
fibrils

'\ Residues

Microfibrils
under

ﬁbrillation\‘

Fig.5 Typical SEM images: a raw jute fiber; b NaOH-treated jute and ¢ jute CNFs
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Fig.6 Typical images of transmission electron microscopy; a histogram of the cumulative distribution of CNFs diameters, and b CNFs obtained

by mechanical fibrillation

Table 5 Apparent density of the fiber—cement composites produced

Condition Apparent density (g/cm?)
28 days of curing Natural weathering

Control 1.85+0.02°b 2.00+0.03c
0.5F 1.87+0.0la 2.00+0.04c
2.0F 1.82+0.05¢ 2.02+0.04c
05N 1.88+0.03a 1.96 +0.05d
20N 1.88+0.01a 2.28+0.03a
F0.5+N1.5 1.87+0.01a 2.11+0.04b
F1.0+N1.0 1.84+0.04b 2.07+0.05b
F1.5+NO0.5 1.85+0.03b 2.08+0.04b

*Standard deviation; means followed by the same letter do not differ
statistically by the Scott-Knott test at 5% of significance

may be due to the filling of cracks in the initial phases of
cement hydration products. These products can deposit or
reprecipitate mainly at the reinforcement—-matrix interface
[80]. Composites reinforced exclusively with CNFs (both
0.5% and 2%), the hybrid F0.5+N1.5, and 0.5F did not dif-
fer statistically and presented the highest apparent density
values. These results may be due to the optimization of raw
material packaging during extrusion. In addition, CNFs act
as plasticizers, improving the cohesion of the fiber—cement
mixture [26].

The higher apparent density may be due to more com-
pact matrices with fewer defects. In addition, the greater
surface area of the CNFs provides better CNF-matrix inter-
action and, consequently, greater density. Because of the
hydrophilic character of CNFs and the interaction of their
hydroxyl groups with products from the cement hydration,
it can be said that CNFs and other cellulose materials are
compatible with cement products. Cement hydration tends

to reduce the empty spaces around the reinforcement, con-
sequently reducing the apparent porosity. The apparent den-
sity was higher for all formulations after natural weathering,
probably because of the increased adhesion between the fib-
ers and the cementitious matrix. Numerous “needles” were
observed around the CNFs after 28 days of curing. These
structures are probably monosulfoaluminates or ettringites
[(CA4(AI(OH)4),(SO,)5(H,0),5 ;)] (Fig. 7), which provide
greater porosity to the composite. After the composites were
submitted to natural weathering, a significant reduction in
ettringite “needles” was observed, which may be due to
the reprecipitation of the hydration products of the cement
inside or around the fibers and the natural carbonation that
occurs throughout aging [81, 82]. This could increase the
adhesion between fibers and matrices, resulting in a more
compact structure and thus resulting in greater density and
decreased porosity for the composites. The reduction in
hydrated phases is the result of the natural carbonation that
occurs during the aging of cementitious composites [56].
A large amount of ettringite around the fibers was found by
Tonoli et al. [82] during an evaluation of the performance of
extruded fiber—cement composite produced with cellulosic
pulps modified with cellulose silanes after 28 days of curing.

Filling empty spaces or pores with cement hydra-
tion products increases apparent density [83]. The hybrid
F0.5+N1.5 displayed high apparent density values, prob-
ably because of the reinforcement provided by the fraction
of CNFs, which in this case, resulted in synergy with the
jute fiber. Among the composites reinforced with fibers, the
0.5F formulation stood out in density, probably because of
the high degree of fiber mineralization combined with the
higher water/cement ratio, which was responsible for the
generation of higher quantities of hydrated products from
cement. Regarding the hybrid cement composites, there was
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Fig.7 Typical SEM of the
fracture surface showing the
presence of ettringite in the
cementitious composites (2% of
CNFs): a and b after 28 days of
curing; c after natural weather-
ing

a tendency for apparent porosity to increase with decreasing
CNF percentage (Fig. 8).

The CNF size enables it to enter the meso and macropores
of the cement. The mesopores are the interlaying spaces in
the calcium silicate hydrate, with diameter sizes between 2
and 100 nm [84]. Macropores are capillary pores with sizes
between 100 and 7000 nm [85]. The decrease of CNFs in
the composites occurred simultaneously with the increase
in the content of jute fibers, which may have contributed to
the small increase in apparent porosity. Non-wood fibers are
lighter than wood fibers [86]. The higher fiber content in the
composite increases the probability of void formation [87].
Conversely, composites reinforced with 2% CNFs displayed

@ Springer
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higher apparent porosity in comparison to the control and
the other formulations. This result may be due to the higher
water/cement ratio of the composites reinforced with CNFs
compared to other formulations. A high water/cement ratio
results in the volatilization of free water, causing high poros-
ity in the composite. Additionally, high porosity can lead to
the presence of carbon dioxide in the paste [88]. In general,
it is expected that a low water/cement ratio will elicit a low
permeability effect in the cement paste [89].
Fiber-reinforced composites showed a reduction in appar-
ent porosity values with an increase in the proportion of
fibers and CNFs from 0.5 to 2% after natural weathering. As
previously discussed, this reduction of approximately 28% is
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Fig.8 Apparent porosity of the fiber—cements produced; a typical
image (SEM) of the fiber—cement sample reinforced with 0.5% of
fibers; b typical image (SEM) of the fiber—cement sample reinforced

attributed to the filling of matrix pores by the cement hydra-
tion products and calcium carbonate from natural carbona-
tion during weathering. The cracking process is due to the
porosity of the fiber—cement composites, which can signifi-
cantly affect the mechanical strength and be directly related

Jute fibers

=

500 pm

2 OF

2 ON

EO.S‘\'N\'SF\.O"'N\D‘:\.S“'NO'S

with 2% of fibers; ¢ typical image (SEM) of the fiber—cement sample
reinforced with 1% of fibers + 1% of CNFs after natural weathering

to the fiber—matrix adhesion. Fibers in cementitious com-
posites act as a macroscale reinforcement, preventing fragile
fracture after crack initiation, owing to the distribution of
microcracks along the material. CNFs act as nanoscale rein-
forcements (Fig. 9), connecting different grains and particles

Jute CNFs

10 pm

50 pm

Fig.9 Typical SEM images of: a fracture surface showing the adhesion between the fibers and the composites cementitious matrix with 0.5% of
fibers and 1.5% of CNFs; b reinforcement acting on the microcracks; ¢ zoom to the CNFs
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of different sizes (mainly at the microscale) and forming
a network of bonds that act as bridges for stress transfer.
Consequently, the propagation of microcracks decreased in
the cement matrix.

The MOE observed for all formulations is lower than
that of the control (unreinforced) after 28 days of curing
(Fig. 10), despite a slightly increasing trend for the 2.0F and
F0.5+ N1.5 formulations. This result is due to the reduction
in the fragile behavior of the composite by the insertion of
fibers and CNFs as reinforcement. A lower MOE is expected
because the fiber and CNF reinforcements ensure greater
elastic deformation of the composite. Formulations with
CNFs showed a predisposition to higher MOR than their
equivalent with jute fibers, which was due to the greater
surface area of the CNFs that strongly interacted with the
cement matrix, even at small reinforcement levels. Similarly,
the fiber—cement composites with higher CNF content, such
as 2.0 N and the hybrid F0.5 +N1.5, exhibited higher MOR
values.

Higher MOR values were attributed to the ability of CNFs
to bond with the matrix. The MOR value indicates the stress
distribution and the interaction between the fiber and matrix,
in addition to the tensile strength. The larger surface area of
the CNFs increased their interaction with the cement matrix
because of the higher number of secondary bonds (mainly
hydrogen bonds), resulting in a propensity for higher MOR
values. In this context, because of the bonding of CNFs with
the matrix, the nanofibrils could contribute to the increase
in the tensile strength during the static bending of cementi-
tious composites [90]. The increased dimensional variation
of the jute fibers resulted in the fiber-matrix transitioning to
the high-stress zone, leading to the collapse of the hydrogen
bonds. The formulations reinforced with 2% of fibers and all
formulations with CNFs showed increasing tendencies for
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both LOP and tenacity in relation to the control after 28 days
of curing (Fig. 11).

The composites reinforced with 2% fibers displayed
improved mechanical properties when compared to those
reinforced with 0.5% fibers, especially for the values of
MOR, LOP, and tenacity, which showed slightly greater
behavior. Figure 8 shows the fracture aspect of both com-
posites (2.0F and 0.5F), where it is possible to observe a
structure with small and numerous micropores well-distrib-
uted throughout the composite reinforced with 0.5% fibers.
Conversely, composites reinforced with 2% fibers had larger
and more isolated pores. Composites reinforced with 2%
CNFs and all hybrid formulations tended to have a greater
LOP among the formulations studied after natural weather-
ing. Additionally, the same behavior was observed in the
F0.5 4+ N1.5 hybrid formulation for the average values of
the tenacity after natural weathering. The formulation with
2.0% CNFs obtained superior average value of tenacity com-
pared to the other formulations, after exposure to weather.
The tenacity is associated to composite toughness, which is
caused by several phenomena produced during composite
fracture, such as debonding, pull-out, bridging, and fiber
fracture [91]. CNF pull-out is probably the main factor
responsible for the toughness mechanism and energy absorp-
tion by the cementitious composite [26]. The characteristics
of the fracture surfaces provide a better understanding of
the mechanical results. These results show that the CNFs
exhibit good energy absorption when subjected to a load
or tension, which can be due to a greater surface area when
compared to fibers. Greater values of tenacity indicate that
CNFs contribute more effectively to delay the start of crack
propagation [49].

For the 0.5N formulation, there was a reduction in
all mechanical properties after five months of natural

I Natural weathering
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Fig. 10 Mechanical properties of the cementitious composites at 28 days of cure and after 5 months of natural weathering: a MOE; b MOR;
0.5F=0.5% of fiber; 2.0F=2.0% of fiber; 0.5 N=0.5% of CNFs; 2.0 N=2.0% of CNFs
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Fig. 11 Mechanical properties of the cementitious composites at 28 days of cure and after 5 months of natural weathering: a limit of proportion-
ality (LOP) and b tenacity; 0.5F=0.5% fiber; 2.0F=2.0% fiber; 0.5 N=0.5% CNFs; 2.0 N=2.0% CNFs

weathering compared to the values presented after 28 days
of curing. Some explanations can be given for the failure of
this amount of reinforcement: (1) the low content of CNFs
used as reinforcement may have accumulated in the stress
zones, which may have compromised mechanical proper-
ties; (2) the non-uniform distribution of micro/nanofibrils
in the matrix could lead to clumping, resulting in improper
dispersion during mixing in the extruder screw; and (3) the
low content of CNFs could have caused their mineraliza-
tion when soaked in a high amount of cement matrix. After
28 days of curing and natural weathering, the hybrid formu-
lations showed a trend of reducing the MOR proportionally
to the quantity of CNFs. It was observed that after natural
weathering, there was an increase in the MOR, LOP, and
tenacity of the fiber—cement composites. These results indi-
cate that the adhesion between the reinforcement and the
matrix improved after natural weathering, which may be due
to the reprecipitation of cement hydration products inside
and around the fibers and CNFs and the consequent filling
of the pores at the interface between the reinforcement and
the matrix. The F0.5 +N1.5 formulations presented a pre-
disposition to higher LOP values. Higher LOP values are
evidence of an improved fiber-matrix adherence, which is a
result of the higher surface area of CNFs that connect differ-
ent grains and particles with different sizes, forming a net-
work that delays plastic deformation in the cement matrix.
Exposure of the composite to water during natural weather-
ing provides the reintroduction of water into the system after
the curing period. It also reactivates the dissolution of ions
(mainly Ca’*) from anhydrous grains and less stable cement
phases, such as calcium hydroxide. These ions are generally
transported and reprecipitated in the porous zones of the
cementitious matrix, such as the interface between the fibers

and the matrix [56]. The composites with the FO.5 +N1.5
hybrid formulation presented better mechanical properties
than the other formulations, indicating greater mechanical
performance and durability, especially on MOR and tenac-
ity. The rupture of hydrogen bonds in the fiber-matrix inter-
face allows the fibers pull-out, resulting in a composite with
greater tenacity. If the physical bonds (from material pack-
aging and densification) and the chemical bonds (hydrogen
bonds) between the reinforcement and the matrix are very
strong, the fiber does not slip, instead it breaks, resulting in
a reduction in composite tenacity.

Conclusion

Fiber—cement composites were produced with the rein-
forcement of NaOH-treated jute fibers, CNFs, and hybrids
of both, and their physical and mechanical properties were
evaluated. NaOH treatment of raw jute fibers reduced the
hemicelluloses content, thereby increasing the relative con-
tent of cellulose, as confirmed by the FTIR analysis. Alka-
line treatment resulted in a slightly higher crystalline frac-
tion and larger crystallite size of the treated fibers. TGA
and DTG results showed higher thermal stability of the
NaOH-treated jute fibers and CNFs when compared to raw
fibers. Formulations exclusively with CNFs showed higher
average apparent density values. The hybrid cement com-
posites reinforced with 1.5% CNFs and 0.5% fibers showed
stronger mechanical properties than the other formulations.
The LOP for fiber—cement composites reinforced with 2%
CNFs was approximately 24% higher than that of the con-
trol. The tenacity of the fiber—cement reinforced with CNFs
exceeded that of the control and those reinforced with fibers.
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The MOE values tended to decrease from the control to the
reinforced composites, with the fiber reinforcement being
superior to CNFs. The results showed that it is possible to
improve the microstructure and mechanical performance
of composites using small amounts of CNF reinforcement
(0.5%—2%). CNFs acted as bridges for the stress transfer in
the microstructure of the composites, decreasing the propa-
gation of microcracks in the matrix. In general, natural
weathering increased the MOR, LOP, and tenacity of the
cement composites. The use of fiber and CNF hybrids as
reinforcement allows the effects to be combined, thus result-
ing in improved mechanical properties when compared to
fibers or CNFs used individually.
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