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The aim of this study was to investigate the properties of cellulose sheets made from fibrillated micro/nanofibrils of
bamboo, jute and eucalyptus. Micro/nanofibrils obtained from alkaline-treated jute had higher crystalline fraction (CF)
and crystallinity index (CI). The onset degradation temperature (To,s) Was very similar for all the micro/nanofibrils
(from 316 °C to 323 °C). Defibrillated cellulose nanofibrils had an average diameter in the range of 30-50 nm.
Cellulose sheets made of bamboo and jute micro/nanofibrils had higher bending strength, elastic modulus and energy to
break than the sheets made of eucalyptus micro/nanofibrils. Compared to the bamboo and jute samples, the eucalyptus
micro/nanofibril suspension had a greater amount of fiber debris, which may have contributed to higher apparent
porosity, water adsorption and water solubility of the cellulose sheets. Further development of the mechanical
defibrillation process could lower the production costs of micro/nanofibrils and improve the performance of engineered
cellulose-based materials.
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INTRODUCTION

Cellulose nanoparticles have been studied for a
wide range of applications, such as in
biocomposites, where they act as reinforcement

crystalline rod-like nanostructures are known as
‘whiskers’ or nanocrystals, which are very
effective in reinforcing polymeric matrices. The

for improving mechanical and barrier properties,”
" in paper,*"” paints, coatings,'""* biomedical and
pharmaceutical products,13'14 fiber-cements,'’ and
in electronic/magnetic devices.'”"®  Cellulose
nanocrystals are commonly obtained by acid
hydrolysis by treating cellulose fibers with
concentrated sulfuric acid for predetermined
conditions of time and temperature.'**® Under
these conditions, the amorphous regions of the
cellulose are solubilized, leaving single, well-
defined cellulose nanocrystals in a stable colloidal
suspension.”’ > The resulting elongated

term ‘micro/nanofibrils’ refers to long, flexible
micro and nanofibers consisting of alternating
crystalline and amorphous domains.” Such
micro/nanofibrils have previously been obtained
by mechanical defibrillation procedures.”***
Acid treatment of cellulose fibers induces a
rapid decrease in molecular weight through
hydrolysis,” and requires a considerable effort to
properly handle the acid waste.”’ In contrast,
enzymatic hydrolysis of cellulose fibers offers
potential advantages because it occurs under
much milder conditions and generates little or no
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hazardous waste. Mechanical shear can also be
used to produce micro/nanofibrils without
generating hazardous waste. In addition to being
more environmentally friendly, the high
mechanical shear can yield nanoscale fibrils with
a high aspect ratio and a higher degree of
polymerization than in acid hydrolyzed samples.

Several works reported the production of
cellulose micro/nanofibers from wood,***>!
some non-wood resources, such as bagasse and
rice straw,’” basts of hemp and flax,'**3* wheat
straw and soy hulls,35 stems of cacti,% sisal,37
banana rachis,38 Aloe vem,39 and leaves of sisal
and abaca.* Studies were also reported on
bamboo,%“'47 however several issues related to
the structural changes due to mechanical
defibrillation still deserve better investigation.
Cellulose paper sheets made of densely packed
cellulose nanofibrils have high strength and
elastic modulus,”® but there is still a lack of
information about paper sheets made from jute
and bamboo micro/nanofibrils. The aim of this
study was to investigate the structural properties
of high strength cellulose sheets made from
micro/nanofibrils from different plant sources
(bamboo, jute and eucalyptus), using a
mechanical defibrillation process.

EXPERIMENTAL
Materials

Commercial bamboo cellulose pulps (Bambusa
vulgaris Schrad.), 2 years of age, refined and/or
unrefined, were obtained from CEPASA — Celulose e
Papel de Pernambuco S/A, Jaboatdo dos Guararapes,
PE, Brazil. Pulps were produced by the soda-
anthraquinone process (NaOH-AQ), with
approximately 18% NaOH and 0.03% anthraquinone
(C14HgO,) per unit of solid mass contained in the
solution, resulting in around 46% yield of fibers at a
pH between 12-13. After baking in a Pandia
continuous digester at a pressure of 6-7 bar and
average temperature of 170 °C for 45 min, the samples
were refined in a disk mill and exhibited a Schopper
Riegler (SR) number between 25-30.

Jute (Corchorus sp.) macrofibers used in this study
were donated by Brasjuta da Amazonia S.A.,
(Manaus/AM, Brazil). An alkaline treatment was
performed on the jute fibers before defibrillation. The
long raw jute macrofibers were cut to about 1 cm
length before any pretreatment. In the alkaline process,
the jute fibers were treated with 5 wt% NaOH solution
at a solid to liquid ratio of 1:20 (m/v) for 60 min at 80
°C under constant stirring (~355 rpm).

Conventional eucalyptus (hybrid:  Eucalyptus
urophylla x Eucalyptus grandis) bleached kraft pulp

292

was used as a commercial standard feedstock for
comparisons.

Chemical characterization of fibers

The percentage of holocellulose (cellulose +
hemicelluloses) of the bamboo raw fiber, unrefined
and refined bamboo pulps was determined.” The
contents of alpha-cellulose and lignin (insoluble in
acid) were estimated.”®  The content of
hemicelluloses was calculated from the difference
between the values of holocellulose and alpha-
cellulose. The contents of ash®® and extractives® were
also calculated.

The contents of cellulose,” hemicelluloses and
lignin56 of the jute fibers were determined (using
extractive-free samples). Hemicelluloses content was
calculated as the difference of holocellulose and
cellulose contents. Extractives®’ and ash content®® were
also determined.

Chemical determination of the eucalyptus pulp
composition was performed following the standard
procedures for cellulose,”® hemicelluloses,” lignin,60
extractives®! and ash.®?

Production of micro/nanofibrils

Bamboo pulps, jute fibers and eucalyptus pulp were
soaked in water (1% w/w) for at least 24 h, and
dispersed by stirring for 15 min before performing
mechanical defibrillation. Each suspension was
defibrillated using a SuperMasscolloider grinder
(Masuko Sangyo Co., Ltd.) at 1500 rpm***’ with 30
passages to obtain the cellulose micro/nanofibrils, as
represented in Figure 1.

Transmission electron microscopy (TEM) of
micro/nanofibrils

Micro/nanofibrils were viewed by a FEI Tecnai 12
transmission electron microscope (TEM) operated at
120 kV. The samples that consisted of the diluted
micro/nanofibril suspension were prepared by adding
uranyl acetate as staining agent and thoroughly mixing.
A drop of the suspension was deposited on a
formvar/carbon coated 400 mesh copper grid, and
dried before viewing by TEM. The average diameter of
the micro/nanofibrils was determined by digital image
analyses (ImageJ] 1.48v, National Institutes of Health,
USA) of the TEM micrographs, using only
representative images of each treatment condition. A
minimum of 500 measurements was collected for data
analysis.

X-ray diffraction (XRD) of micro/nanofibrils

XRD patterns of the micro/nanofibril sheets were
determined on a Philip PW3710 X-ray diffractometer
using, Cu-Ka radiation. Diffractograms were collected
at a voltage of 40 kV and 40 mA current, with a scan
angle from 10° to 40° and a scan speed of 2°/min. The
crystalline fraction (CF) was determined to verify



cellulose crystallinity of the fibers. CF determination
was adapted from French,®® and Correia er al.** (Eq. 1):
CF = (AcA)/A, ey
where CF is the crystalline fraction, A; and A, are the
areas under the theoretical fitted pattern and the
amorphous theoretical curve, respectively.

The Mercury 3.7 program“’65 was used to produce
the theoretical curves. The CIF (crystallographic
information file) was obtained from complementary
data in French,%® and edited for each different fiber.
For this, monoclinic unit cell parameters66 were
manipulated until the theoretical patterns reached the

Cellulose fibrils

best fitting to the experimental curves, in accordance
with the modern nomenclature (c as the fiber axis).®*
Since cellulose I, with reflection peaks corresponding
to (1-10), (110), (200) and (004) planes, is the most
abundant cellulose polymorph occurring in nature for
higher plants,” its pattern was chosen to be used in the
simulation. For the amorphous halo, cellulose II was
used with peak width at half maximum height (pwhm)
=95 and a correction factor to fit to the experimental
curves. For comparison, Segal’s crystalline index (CI)
was also calculated according to Segal er al.®®
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Figure 1: Illustrative scheme of the various processes used to obtain micro/nanofibrils

After the fitting process, all measurements for

crystallite size and number of cellulose chains were
carried out only on the theoretical curves. Crystallite
size was determined by the Scherrer equation (Eq. 2),
as described by Langford and Wilson:®*
D = (K M)/(Bcos 0) 2
where D is the size perpendicular to the lattice plane
(200); K is the Scherrer constant that depends on the
crystal shape (K = 0.9, for cellulose); A is the
wavelength of the incident X-ray (1.54056 A, for
copper); 0 is the Bragg angle corresponding to (200)
plane; and P the pwhm, in radians, of the (200)
diffraction.

In order to find the number of cellulose chains (n)
perpendicular to (200), D is divided by 4 angstroms,
which are the width of cellulose chains.” However, to
determine the number of cellulose chains in the whole
crystallite, Equation 3, proposed by Ballesteros et al.”!
is needed:

N = <r0undd0wn <1 + (%)),0)2
3)

The number of cellulose chains in the whole
crystallite (N) is related to the equation above, which is
the square of the value rounded down to the integer of

half of the number of cellulose chains (n)
perpendicular to the plane (200) plus one.

Attenuated total reflectance Fourier-transform
infrared (ATR-FTIR) spectroscopy of
micro/nanofibrils

The samples were subjected to FTIR spectroscopy
using a Thermo Scientific spectrometer equipped with
the Smart iTX accessory, with a monolithic diamond
ATR crystal attachment. Scanning was conducted from
3900 to 700 cm™ with 16 scans averaged for each
spectrum, at a resolution of 4 cm’. Prior to the
measurement, the samples were oven dried at 80 °C for
24 h. A commercial microcrystalline cellulose sample
was used as a crystalline standard (CI~90%), and
amorphous cellulose obtained by ball milling was used
as an amorphous standard.

Thermogravimetry of micro/nanofibrils
Thermogravimetric  analysis (TGA) of the
micro/nanofibrils was performed using a Perkin Elmer
Pyris 1 TGA instrument. The samples (~6 mg dry
basis) were heated in a Pt crucible from 50 to 550 °C,
in synthetic air flowing at 60 mL/min, at a heating rate
of 10 °C/min. Critical weight loss temperatures (Typser)
were obtained from the onset points of the TGA
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curves, and this was represented by the intersection of
the extrapolated line extended with the same slope
from the beginning of the thermal event, with the
tangent of the curve in the thermal event.”

Preparation of micro/nanofibril sheets

Cellulose micro/nanofibril sheets were prepared
with defibrillated micro/nanofibrils from different fiber
sources (Fig. 2). The sheets were formed by
dewatering micro/nanofibril suspensions, followed by
compression (3.1 MPa) and oven drying (80 °C) under
compression between blotting papers. The resultant flat
and dried cellulose discs were cut into 63.4 mm long x
127 mm wide x 1.5 mm thick specimens for
mechanical and physical tests.

Mechanical properties of micro/nanofibril sheets

Flexural properties of the cellulose sheets were
deterrnined,72 with specimens cut from the flat sheets
(63.5 mm long x 12 mm wide x 1.5 mm thick).
Flexural strength, elastic modulus (MOE) and energy
to break of the specimens were determined in the
laboratory (~23 °C and RH ~65%) using an Instron
(Canton, MA) 5500R wuniversal testing system,
equipped with a 1 kN load cell and operated at an
extension rate of 25.4 mm/min. For the three-point
flexural test, the gauge length used was 27 mm, and
the crosshead speed was set to 2 mm/min. All the
specimens were oven dried at 80 °C for at least 12 h
before testing and 5 to 10 specimens were tested for
each condition.

Scanning electron microscopy (SEM) of the
fracture surface of micro/nanofibril sheets

The failure region (cross-section) of the samples
following the bending test was analyzed by a Hitachi
S-4700 field emission scanning electron microscope
(FESEM). The samples were mounted on a specimen
stub, using double adhesive coated carbon tabs (Ted
Pella). The samples were coated with gold-palladium
in a Denton Desk II sputter coating unit (Denton
Vacuum). Finally, the samples were viewed by
FESEM. Images were captured at 2650 x 1920 pixel
resolution.

Physical properties of micro/nanofibril sheets

Bulk density (ppux) was determined from the
measurements of volume and weight of oven-dried (48
h at 60 °C) samples. True density (pyu) of the fibers
was also determined in order to monitor the influence
of the micro/nanofibril conditions on the fiber
structure. Ten values of true density for each treatment
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were measured using a gas (Helium) pycnometer
(AccuPyc II 1340 Series Pycnometer, Micromeritics
Instrument Co.). Apparent porosity (AP) was obtained
directly based on the definition (Eq. 4):

AP = 1'(pbulk/ptrue) (4)
where ppy is bulk density, and pg, is true density, as
determined before.

Three 10 mm x 10 mm x 1.5 mm samples of each
formulation were dried for 48 h at 60 °C, weighed, and
placed in hermetically closed containers with 97+2%
of relative humidity (RH) and 20+2 °C, using a
saturated potassium sulfate solution.”” The moisture
adsorbed by the samples over time was determined by
weight gain (0.0001 g precision) from measurements
made at successive intervals until a constant weight
was achieved. The amount of moisture adsorbed by the
samples was calculated.””* Each data point represents
an average of three samples.

The resistance of the sheets to water immersion
was determined using 10 mm x 10 mm X 1.5 mm test
specimens (three replicates). This test is important to
verify the water resistance of the cellulose sheets when
exposed to limiting conditions. The tests were
performed by immersing the specimens in a vessel
containing 30 mL of distilled water and stirring at 300
rpm for 48 h at room temperature. The resultant
suspensions were filtered, and the residues were dried
at 105 °C for 24 h. After weighing, the amount of non-
solubilized material was determined. The solubility of
the specimens was expressed as percentage of mass
solubilized in relation to the initial mass.”®

RESULTS AND DISCUSSION
Chemical composition of fibers

The chemical composition of the fibers is
presented in Table 1. Pulping decreased the
relative lignin and hemicelluloses contents, and
increased the relative cellulose content of the
bamboo fibers. Refining the bamboo fibers had
little impact on chemical composition. The
alkaline treatment increased the relative cellulose
content of the jute fibers, while it decreased the
hemicelluloses content (Table 1). Lignin content
remained almost unchanged for the alkaline
pretreated fibers, but was significantly lower in
the bleached eucalyptus pulp. This was due to the
degradation and dissolution of lignin during kraft
pulping and the removal of residual lignin during
pulp bleaching.
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Figure 2: Illustrative scheme of the various preparation processes of the sheets

When hemicelluloses and lignin are dissolved
from the fiber cell wall during the pulping
process, it is easier to release the individual fibers,
and consequently the cellulose micro/nanofibrils.
However, as a result of the high temperature,
pressure and time of exposition during the pulping
process, the cellulose chains may also become
degraded. The hemicelluloses turn the fiber cell
wall easier to be delaminated and depolymerized.'
They also may act as inhibitors of the coalescence
of micro/manofibrils during drying and can
contribute to the enhancement of mechanical
properties in composites.”” The presence of lignin
can significantly increase film tensile index and
elastic modulus.”

Morphology of micro/nanofibrils

The starting raw jute presents individual fibers
with average diameter of around 16+3 um, with
individual values in the range between 6 pm
(minimum) and 25 pm (maximum), and fiber
length of 2.1+0.3 mm. These values are lower

than those reported elsewhere.””®' The average
values of length and diameter of the bamboo raw
fiber were around 2.3 mm and 13.9 pm,
respectively, which are very similar to those
found by Chew et al.*

The eucalyptus fibers presented average length
and diameter of 0.7+0.3 mm and 17+4 pm,
respectively, which are in the same range found
by Belini er al.,* and Brisola and Demarco.*
Normally, jute and bamboo are considered long
fibers, while eucalyptus is considered a short
fiber.

The  typical morphologies ~ of  the
micro/nanofibrils from the different starting
materials are presented in Figure 3. The alkaline-
treated jute fibers showed suspensions with a
higher degree of nanofibrillation (Fig. 3a). Also,
alkaline-treated micro/nanofibrils seem less
degraded than those subjected to other
pretreatments (Fig. 3a). The cellulose nanocrystal
silhouette is more evident when using high
magnification (details in Fig. 3).

Table 1
Chemical composition of bamboo pulps (unrefined and refined), raw jute, alkaline-treated jute fibers and eucalyptus
bleached pulp

Fiber conditions Extractives, Lignin, Cellulose, Hemicelluloses, Ash,

wt% wt% wt% wt%, wt%
Bamboo — raw* 13.2 18.1 39.7 26.7 2.2
Bamboo — unrefined pulp 7.1 6.7 74.3 10.0 2.0
Bamboo - refined pulp 7.1 6.6 74.0 10.5 1.9
Jute — raw* 1.8 11.9 53.2 322 0.9
Jute — alkaline-treated - 11.8 77.2 10.6 04
Eucalyptus pulp 0.1 0.1 85.3 13.9 0.6

*before pulping or chemical pretreatments
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Figure 3: Typical TEM images of micro/nanofibrils obtained by different processes: a) bamboo unrefined;
b) bamboo refined; c) jute; and d) eucalyptus pulp (high magnifications make the crystals more visible)
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As shown in the previous section, the alkaline-
treated fibers still have some lignin content in the
cell wall, but this fact has not hindered the
process of defibrillation. Figure 4 depicts the
diameter distribution of the micro/nanofibrils
determined using the TEM images. Almost 80%
of bamboo and jute nanofibril diameters were
lower than 40 nm. For eucalyptus, just 55% were
lower than 40 nm, which is probably because of
the incomplete defibrillation. The average
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nanofibril diameters in the suspensions of
unrefined bamboo, refined bamboo, jute and
eucalyptus micro/nanofibrils were 35+35 nm,
33436 nm, 31+33 nm, and 50+41 nm,
respectively. Qing et al.*® obtained cellulose
micro/nanofibrils with lengths in the range of 9-
170 nm and average diameter of 48+45 nm.
Lavoine et al.> obtained microfibrillated cellulose
with diameters ranging from 20 to 50 nm. Despite
the presence of lignin in the bamboo pulps and



alkaline-treated jute fibers, the cellulose
micro/nanofibers were obtained for all the
conditions. A large content of fibrils in the
nanoscale range (1 to 100 nm) was observed for
the bamboo and jute fiber suspensions.

Microstructure of micro/nanofibril sheets

Scanning electron microscopy provides
information on the microstructure of cellulose
sheets, and permits the observation of the
interaction and dispersion of the micro/nanofibrils
in the sheets. Micrographs of the fracture surface
of the sheets are shown in Figure 5. In the cases
when the micro/nanofibril suspension presents
some agglomeration of nanofibrils or large pieces
of non-defibrillated fibers, it may cause porosity,
voids or cracks in the microstructure of the
cellulose sheets.

The fracture surface of the bamboo and jute
specimens (Fig. 5a-c) appears homogeneous,
compact and without visible voids and large non-
defibrillated fibers. The fracture surfaces of the
micro/nanofibril sheets show that large pieces of

Cellulose fibrils

poorly defibrillated fibers were pulled out from
the cross-section. These fiber bundles acted as
stress concentrators, and as a result, failure of the
specimens occurred at the interface of this weakly
inter-penetrated network structure (IPN).

Crystallinity of micro/nanofibrils

X-ray diffraction patterns (XRD) of the
micro/nanofibrils are shown in Figure 6. The
highest intensity of the allomorph is present in the
region between 20=18° and 26=22°, and also
according to the disposition of the diffraction
peaks, it indicates the presence of cellulose If,
which is the polymorph that mostly occurs
naturally in higher plants.”” All the fiber samples
exhibited a sharp peak at 20=22.7°, which is
assigned to the (200) lattice plane of cellulose I.
The presence of amorphous and crystalline
regions indicates a semi-crystalline material. The
two overlapping weaker diffraction peaks at
20=15.4° and 20=16.3° are assigned to the (1-10)
and (110) lattice planes of cellulose .56

Figure 5: Typical FESEM images of the fracture surface of sheets with micro/nanofibrils from different starting fibers:
a) bamboo unrefined; b) bamboo refined; c) jute; and d) eucalyptus pulp
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Figure 6: a) Typical X-ray patterns of the micro/nanofibrils from unrefined bamboo, refined bamboo, jute and
eucalyptus pulp (raw jute fiber (before defibrillation) is also presented for comparison); b) example of theoretical
modeled curves generated by the Mercury program to fit typical X-ray patterns for jute

Table 2

Crystalline parameters of the different cellulose materials

Crystalline Segal’s . Cellulose
Cellulose material fraction — CF crystallinity Cr.ystalllte chains per
(%) index—CL(%) S W)  Cysallite
Bamboo unrefined (nanofibrils) 64 48 64 81
Bamboo refined (nanofibrils) 67 59 74 100
Jute (nanofibrils) 68 67 106 196
Eucalyptus (nanofibrils) 65 65 85 144
Raw jute (starting fiber)* 66 61 80 121

*before defibrillation

Cellulose I is a structure comprising repeating
B-(1—4)-D-glucopyranose units with building
blocks of parallel glucan chains.** The
overlapping of these (1-10) and (110) planes
results in a single broad peak, due to the large
peak width at half maximum height (pwhm).* In
this sense, an inverse relation of pwhm with the
crystallite size of the cellulose micro/nanofibrils,
as defined in Scherrer’s equation, was found for
all the sample  patterns (Fig. 6a).
Micro/nanofibrils from unrefined bamboo and
jute showed the lowest and highest values for
crystallite size, respectively. For the unrefined
bamboo sample, this behavior may indicate that
there was an increase in the distribution value of
the interlamellar distances, consistent with a less
ordered crystallite structure. It indicates a certain
disorder in the crystal lattice and a smaller
amount of crystalline phase for bamboo, probably
due to the process of defibrillation, which affected
the crystalline region more than the amorphous
region. These results confirm that the jute samples
contain a higher number of highly organized
cellulose chains (Table 2) in the cellulose
crystallite. This can lead to higher hydrogen
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bondings among neighboring cellulose chains,
resulting in a more packed cellulose structure, as
also confirmed by their higher crystallinity (CF
and CI) according to the data presented in Table
2.% This behavior was also observed by Nam et
al..”” and Oliveira and Driemeier.”"

Jute micro/nanofibrils presented a higher
crystalline fraction (CF) due to its sharp peak
(200).”> A minor variation in the position of the
cellulose 1 (200) peak for jute fiber (Fig. 6) was
attributed to differences in sample geometry. The
jute  micro/nanofibrils show more distinct
separation of the peaks at 20=15.4° and 206=16.3°,
with a little dislocation of the (110) peak to higher
values. The separation of these peaks (1-10 and
110) was also observed by Chan et al.,93 with
increasing crystallinity of the fibers. The peak at
around 20=35° corresponding to (004) lattice
planes is reported elsewhere,”’ as a combination
of several reflections due to the lack of preferred
orientation of the cellulose crystals in the sample
holder.

Micro/nanofibrils from unrefined bamboo
pulps presented lower CF than the other raw
materials (Table 2), it is probably because of the



relatively large content of extractives identified in
their starting fibers (Table 1). Refined bamboo
pulp has suffered high mechanical shear forces
during previous refining, which probably partially
modified the crystal structures of the cellulose
micro/nanofibrils. The subsequent drying for
sample preparation has probably caused its
reorganization and increased CF and CI in
relation to the unrefined bamboo.

Jute micro/nanofibrils exhibited higher CF
than the raw jute because of the dissolution and
breaking of amorphous regions during the
pretreatment and defibrillation process
respectively. It is important to emphasize that this
apparent increase in CF and CI was most likely
due to the removal of amorphous domains
(hemicelluloses, lignin and some amorphous
cellulose) and not to an increase in order of the
less ordered region.

Bleached eucalyptus pulp also generates more
crystalline micro/nanofibrils than the bamboo
samples because the starting fiber was alkali
treated during the kraft pulping and bleaching
steps. It is expected that alkali treatment would
preferentially attack the amorphous regions of the
fibers, depolymerizing the terminal and glycoside
units of lower molecular mass.

The calculated CF values are probably
somewhat lower than true values, because the
presence of those small peaks in the crystal
structure of the cellulose I diffraction pattern®
was not considered in the fitting presented in
Figure 6a. Also, the fitting did not predict the
peaks overlap, which may have been caused by
higher pwhm values, thus increasing the
minimum intensity in the region related to the
amorphous fractions between 20=18° and 22°.
These effects that may arise from those
calculations was not compensated here. For most
of the fibers, the CF values were higher than
Segal’s crystallinity index (CI) (Table 2). Even
though CI showed similar tendencies to CF,
changes in the peaks other than that related to
(200) plane does not account for crystallinity. CI
values were lower than CF values because the
results are related to the whole sample (cellulose
and other amorphous components of the fiber)
and not just for the cellulose portion (as used for
CP).

ATR-FTIR spectroscopy of micro/nanofibril
sheets

ATR-FTIR  spectroscopy evidenced the
capacity of different absorption bands to

Cellulose fibrils

characterize the crystal and amorphous structures
of the different cellulose conditions (Fig. 7), and
corroborate the XRD results of the previous
section. The decrease in the crystalline
organization (and/or content) leads to a significant
simplification of the spectra through reduction in
intensity or even disappearance of the bands
characteristic of the crystalline domains. The
broad band in the 3100-3600 cm™ range is due to
the OH-stretching vibration, which gives
considerable  information  concerning  the
hydrogen bonds in the fibers or micro/nanofibrils.
Normally, the peaks characteristic of hydrogen
bonds from the spectra of amorphous celluloses
became smoother and with lower intensity,
compared to the more crystalline condition, which
can be correlated with the scission of the intra-
and intermolecular hydrogen bonds. Additionally,
for more amorphous samples (that is the case of
unrefined bamboo), the peak for hydrogen bonds
is shifted to higher wavenumber values, as also
reported by Ciolacu er al.”* According to these
authors, the presence of the amorphous fraction
can be further confirmed by the decrease in the
intensity of the band at 2900 cm’, as also
observed in the present work, which corresponds
to the C—H stretching vibration.”” The peaks at
1735 cm™ for jute represents vibrations of acetyl
and uronic ester groups of hemicelluloses or ester
linkage of carboxylic groups of the ferulic and p-
coumaric acids of lignin.”*®

Finally, the bands at 1430 cm™ and 1370 cm’!,
assigned to a symmetric CH, bending vibration of
the crystalline domains, are lower for the samples
with a lower crystallinity index. The peaks at
around 1155 cm™ (referred to C-O vibration),
1105 cm™ (related to ring asymmetric valence),
and 1000 cm™ (related to C—O valence vibration
at C(6)) are much lower for the less amorphous
samples and increased for those with higher
crystallinity.

Thermogravimetry (TGA) of micro/nanofibrils

The thermal properties of the micro/nanofibrils
are an important parameter for identifying the
different applications for these cellulose
nanostructures, such as thermal sensitive papers,
cosmetics, processing additives, disposable
products etc. Thermal analysis (TGA) of the
samples showed two thermal degradation stages
(Fig. 8), indicating the presence of different
components that decompose at different
temperatures. The jute micro/nanofibrils were the
first to lose mass at low temperature (up to 150
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°C), probably because they still had somewhat
high moisture content (around 5-6%), compared
to their counterparts (around 2-3%). The first
stage of thermal decomposition occurred at
temperatures of 150-350 °C, with a weight loss of
around 60% for all the micro/nanofibrils samples.
The onset degradation temperature (Ton.) was
very similar for all the micro/nanofibrils (from
316 °C to 323 °C) and the little differences
between the fiber sources corroborate the results
of Segal’s crystallinity index (Table 2). The Ty

values is in the temperature range corresponding
to the weight loss of hemicelluloses (225-325 °C),
residual lignin (250-500 °C) and cellulose (305-
375 °C).””' The second thermal degradation
stage occurred between 350 and 500 °C. Jute
micro/nanofibrils degraded earlier than the other
micro/nanofibrils in the second stage, probably
because of the higher content of residual lignin
(as presented in Table 1 for alkaline-treated jute).
No thermal event was observed at temperatures
higher than 500 °C (Fig. 8).

3600 3300

700

Transmitance (%)
TT

3800 3500 3100 2700 2300 1900 1500 1100 700

Wavenumber (cm?)

Figure 7: Typical ATR-FTIR spectra of the micro/nanofibrils from different starting fibers (amorphous cellulose
obtained by ball milling treatment was used as an amorphous standard, while commercial microcrystalline cellulose

was used as a crystalline standard (CI~90%))
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Figure 8: Typical TGA thermograms of the micro/nanofibrils from different plant fibers; onset degradation temperatures
(Tonser): bamboo unrefined = 317 °C; bamboo refined = 320 °C; jute = 323 °C; and eucalyptus = 316 °C

Mechanical performance of micro/nanofibril
sheets

The flexural properties of the micro/nanofibril
sheets are shown in Table 3. The micro/nanofibril
sheets formed from jute and bamboo
micro/nanofibrils presented high flexural strength,
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MOE and energy to break, than those from
eucalyptus. Eucalyptus has the highest cellulose
content, and the CI is almost the same as that of
jute micro/nanofibrils. The diameter of the
produced eucalyptus micro/nanofibrils is higher,
compared to that of jute and bamboo, which



indicates that defibrillation might be incomplete,
resulting in poor IPN, as discussed above, and
probably this is the reason for the lower strength.
Then, there are many more free hydrogen groups
available on the surface of the micro/nanofibrils
than on the surface of the pulp fibers, which
greatly increases the bonding potential between
the fibrillated elements in the micro/nanofibril
sheet.

The higher number of micro/nanofibrils
increased the energy to break point of the
cellulose sheets. The energy to break is the
amount of hydrogen bonds at the break point,
which could be just the consequence of a tiny spot
in the specimen (a local effect) or the result of a
lower number of interconnected nanofibrils. A
higher number of hydrogen bonds between
micro/nanofibrils improves the cohesion in the
sheets upon drying and leads to lower thickness of
the sheets. The mechanical properties of the
sheets depend on the surface area of the
micro/nanofibrils, but the chemical composition
of the micro/nanofibril suspensions may also have
an influence. Normally, high content of lignin
means less fibrillated fibers. Hemicelluloses play
an important role in the adhesion between
cellulose micro/nanofibrils, which contributes to
mechanical strength.”’ The eucalyptus
micro/nanofibrils sheets had lower mechanical
properties and also lower lignin content. The
presence of lignin significantly increased flexural
strength and elastic modulus of similar microfibril
sheets.”®

For the jute micro/nanofibril sheets that had

Cellulose fibrils

process, the large surface area of the smaller
nanofibrils permitted greater flexural strength and
energy to break (Table 2). This is also because of
the improved distribution of the nanofibrils that
led to more efficient packaging and more compact
structure of the cellulose sheet. When the
micro/nanofibril  suspension  presents some
agglomeration of nanofibrils or large pieces of
non-defibrillated fibers, it may cause large pores,
fissures and/or cracks in the microstructure of the
cellulose sheets.

As a comparison, the values of flexural
strength obtained in the present work for the
micro/nanofibril sheets are much higher than
those of polylactic acid — PLA (70 MPa), poly-L-
lactic acid — L-PLA (119 MPa), poly (hydroxy
butyrate-co-valerate) - PHB (43 MPa),
polystyrene — PS (80 MPa), polyvinyl chloride —
PVC (90 MPa) and polypropylene — PP (49
MPa).'”""'% Therefore, the mechanical properties
of these micro/nanofibril sheets are comparable to
those of petroleum-based plastics and thus,
depending on the application, they can be
considered as a possible substitute.

Physical properties of micro/nanofibril sheets
Table 3 presents the average values of density,
porosity and disintegration in water of the
micro/nanofibril  sheets. Eucalyptus  sheets
presented lower values of bulk density and higher
values of apparent porosity, which corroborates
the results discussed in the previous sections.
Moisture adsorption of the sheets was
significantly influenced by the type of

been subjected to an advanced defibrillation micro/nanofibrils (Fig. 9a).

Table 3
Average and standard deviation values of flexural properties of the micro/nanofibril sheets

Flexural strength MOE Energy to break
(MPa) (GPa) point (J/m?)
Bamboo unrefined 162432 1243 3.0£1.7
Bamboo refined 164+29 11+2 3.8+0.8
Jute 183+25 11£2 4.7+1.7
Eucalyptus 97+19 8+1 1.7£0.5

The bamboo and jute micro/nanofibril sheets
presented lower water adsorption than eucalyptus
micro/nanofibril sheets, probably due to the
higher number of bonds between the bamboo and
jute micro/nanofibrils and to the higher content of
extractives and lignin in those non-wood fibers
(Table 1). It is well known that the number of free

OH groups in the cellulose is higher than that in
the lignin, for example. Cellulose contains 3
OH/Cs, whereas lignin has 1-2 free OH
groups/Co.'"™ Based on this, it is obvious that
unbleached micro/nanofibrils (bamboo and jute)
dispose of lower surface energy,”'” and
probably negligible polar contribution when
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compared to bleached eucalyptus
micro/nanofibrils. Furthermore, again the large
pieces of non-defibrillated fibers, as enforced by
the SEM observations of the cross-section of the

Table 4

fractured eucalyptus sheet (Fig. 5d), may lead to
voids in the microstructure of the cellulose sheets,
as already mentioned before.

Average and standard deviation values of bulk density, true density, apparent porosity and water resistance of the
micro/nanofibril sheets

Bulk density True density Apparent Water resistance
(g/cm3) (g/cms) porosity (%) (%)

Bamboo unrefined 1.2240.09 1.54+0.01 20.7+5.0 0.7+0.1
Bamboo refined 1.31+0.07 1.53+0.01 14.7+3.8 0.3+0.2
Jute 1.23+0.03 1.51+0.01 18.6+1.6 0.4+0.3
Eucalyptus 1.19+0.01 1.56+0.01 23.3+0.3 0.940.1

— a
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Figure 9: (a) Average and standard deviation values o

The eucalyptus micro/nanofibril sheets also
presented higher resistance to water immersion
(Table 4), presenting some swelling that caused
high  dimensional instability and fiber
delamination (Fig. 9e) after 48 h of water
immersion. The higher resistance of the
eucalyptus sheet to water immersion (0.9%) was
the consequence of the larger diameter of the
nanofibrillated particles, which reduced the
percolated network,'® and increased the
formation of pores and fissures in these sheets
(Fig. 5d). The formation of fissures and pores
occurred because of the insufficient amount of
micro/nanofibrils bonded together in the
eucalyptus sheets, in opposition to the very
packed structure observed for the bamboo and
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—25mm
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moisture adsorption of the sheets with different
micro/nanofibrils; Images of the micro/nanofibril sheets after 48 h of water immersion: (b) unrefined bamboo; (c)
refined bamboo; (d) jute; and (e) eucalyptus

jute sheets after 48 h of water immersion (Fig. 9b-
d).

CONCLUSION

Cellulose micro/nanofibrils were obtained
from sustainable and fast-growing woody biomass
fibers, with an average diameter between 30-50
nm, and most in the nanoscale range (1 to 100
nm). Jute micro/nanofibrils degraded to shorter
fibrils more rapidly, compared to the other
micro/nanofibrils, at higher temperatures,
probably because of the higher content of lignin,
resulting in brittleness. The changes in the
crystalline organization in the fibrils were also
supported by the XRD diffractograms and ATR-
FTIR spectra, with jute nanofibrils presenting
higher crystalline fraction (CF) and crystallinity



index (CI) than their counterparts. Bamboo and
jute micro/nanofibrils led to sheets with higher
flexural strength (162 to 183 MPa), MOE (11 to
12 GPa) and energy to break (3 to 4.7 J/m?) than
those of the eucalyptus cellulose sheets.
Eucalyptus micro/nanofibrils led to lower flexural
performance of the sheets because they presented
a large content of non-defibrillated fibers, which
was probably caused by the incomplete
defibrillation under the conditions used in the
present work. Also, eucalyptus sheets presented
higher apparent porosity, leading to higher water
adsorption, swelling in water and delamination
after 48 h of water immersion.
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