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Eucalyptus pulp cellulose fibers were modified by the sol-gel process for SiO, superficial deposition and used as reinforcement of
thermoplastic starch (TPS). Cassava starch, glycerol, and water were added at the proportion of 60/26/14, respectively. For com-
posites, 5% and 10% (by weight) of modified and unmodified pulp fibers were added before extrusion. The matrix and composites
were submitted to thermal stability, tensile strength, moisture adsorption, and SEM analysis. Micrographs of the modified fibers
revealed the presence of SiO, nanoparticles on fiber surface. The addition of modified fibers improved tensile strength in 183% in
relation to matrix, while moisture adsorption decreased 8.3%. Such improvements were even more effective with unmodified fibers
addition. This result was mainly attributed to poor interaction between modified fibers and TPS matrix detected by SEM analysis.

1. Introduction

Plant fibers have been studied as reinforcement in polymeric
matrix in order to improve their physical and mechanical
properties, as established practice for development of envi-
ronmentally friendly products [1-8].

Starch is a promising material due to its high availability,
renewable and biodegradable (even after being converted
into a thermoplastic) character. Besides, this natural poly-
mer presents interesting properties and characteristics for
processing, being an attractive alternative to replace the
synthetic polymers in applications that do not require long
periods of use [9, 10]. Beyond many advantages, it should
be noticed that there are some challenges to be addressed
concerning thermoplastic starch competitiveness to partially
replace conventional materials, such as lower mechanical
strength and elasticity, high permeability to gases, as well
as high hygroscopicity, and significant lower mechanical
properties after water uptake [11].

Some strategies have been tested in order to minimize
the high hygroscopicity of the cellulose fibers and to improve

the chemical compatibility between cellulose fibers and vari-
ous polymeric matrices [12-14]. Modifications of fiber surface
and structural properties are mainly based on the reactivity of
the cellulose hydroxyls [13-16].

Hybrid organic-inorganic material was obtained in our
previous work by deposition of SiO, nanoparticles on cellu-
lose fiber surface [17]. Such modification with nanoparticles
decreased the moisture adsorption of the fibers by reducing
the amount of free hydroxyl groups, as reported elsewhere
[18, 19]. Therefore, the aim of this study was to evaluate
the feasibility of applying cellulose pulp fibers modified with
silica (Si0,) nanoparticles in thermoplastic starch (TPS). The
thermal stability, tensile strength, and moisture adsorption of
the composites were investigated.

2. Materials and Methods

2.1. Materials. Eucalyptus cellulose fibers were obtained from
kraft pulping process, with average length of 0.81 + 0.01 mm
and average width of 15.9 £ 0.3 ym. Chemical composition of



the fibers was cellulose (86.3%), hemicelluloses (12.9%), and
ashes and extractives (0.8%).

The inorganic precursor tetraethyl orthosilicate
(CgH,,0,Si-TEOS, 98%) for SiO, synthesis was provided by
Sigma Aldrich. Ammonium hydroxide (NH,OH-30% vv )
was the catalyst. Ethanol (CH;CH,OH-Neon 95%) was the
solvent. Potassium sulfate (K,SO,-Vetec P.A.) was used for
humidity control in the moisture adsorption test.

Cassava starch, composed of 85.5% amylopectin and
14.5% amylose (purchased from SM Ltda., Brazil); bidistilled
glycerin plasticizer (Synth 98%); stearic acid (C,gH;c0,-
Synth 98%); and anhydrous citric acid (C4HgO,-Chenco
98%) were used for preparation of the TPS extruded compos-
ites.

2.2. Methods

2.2.1. Modification of the Cellulose Fiber Surface. Unmodified
cellulose fibers were kept in deionized water under mechan-
ical stirring for 24 h in order to achieve total disintegration
of cellulose sheets and proper fiber dispersion. Water to fiber
consistency was 100 mL-gfl.

Fiber modification was carried out by sol-gel process
based on previous studies [17-19]. A mass of 45 g of cellulose
fibers was immersed in a solution composed of 3.6L of
ethanol, 405 mL of deionized water, and 675 mL of ammo-
nium hydroxide. Constant and moderate mechanical stirring
(300 rpm) was kept for 2h, after which 8.4 g of TEOS per
g of cellulose fiber solution was slowly added drop by drop
and a solution with fiber consistency of 100 mL-g™" was
prepared.

After addition of TEOS, the reaction was kept under
stirring for 18 h, under controlled environmental conditions
(temperature of 20 + 2°C and relative humidity of 65 + 5%).
The modified fibers were thoroughly washed with deionized
water, filtered, and subsequently dried at 60 + 2°C [17].

2.2.2. Processing of the Thermoplastic Starch (TPS) and Com-
posites. The thermoplastic starch (TPS) was obtained from
the physical mixture of cassava starch, glycerol, and deionized
water in the mass proportions of 60/24/16, respectively.
The contents of 1% (by weight) of stearic acid and 1% (by
weight) of citric acid were used as antioxidants for extrusion,
according to previous studies [12, 20, 21]. Modified (MF-
5% and MF-10%) and unmodified (NMF-5% and NMF-10%)
fibers were added to the TPS at 5% and 10% loads (based on
total mass of the composite). The composites were processed
in an 18 mm corotating twin-screw with L/D ratio of 40 (Lab-
oratory Extruder ZSK 18 MEGAlab, Coperion, Germany)
equipped with seven heating zones and a ribbon die. The
screw rotation speed was 250 rpm and the temperature profile
was set between 110 and 140°C in the seven heating zones.
Extruded ribbons were pelletized and further processed in a
single-screw extruder (AX Plasticos Ltda., Brazil) operating
at 100 rpm under 130°C, 130°C, and 150°C heating zones for
production of strips of 3 mm thickness. Tensile test samples
were cut from these strips in a hydraulic press preheated
for 2min at 60°C, with the aid of a metal mold with the
dimensions described in ASTM 638-10 [22].
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2.2.3. Scanning Electron Microscopy (SEM). Morphological
characteristics of the fibers and the fractured surface of the
composites were evaluated by SEM micrographs in a JEOL
JSM-6510 microscope, with a tungsten filament and operating
at 15kV. An energy dispersive spectroscopy (EDS) system
(model JEOL 6742A-Ultradry Silicon Drift) with an active
area of 10mm? and 132€V resolution was used to detect
and semiquantify SiO, particles at the fiber surface. Average
percentage of Si (% by mass) was obtained after five scans
per sample in a 1ym?” area. The fiber samples were bonded
over a carbon tape on the metallic stubs and carbon coated
(for EDS measurements) and gold coated (for scanning
electron microscopy ( SEM) observations). Cryogenically
fractured surfaces of the cross section of the test samples were
prepared for microstructural evaluation by gold coating of the
composites.

2.2.4. Thermogravimetric Analysis (TGA). Starch (in pow-
der), plain TPS, and composites were subject to thermogravi-
metric analysis (TGA) in a TA Instruments analyzer (model
Q500) as proposed in Tonoli et al. [23]. The 7-10 mg samples
were heated in a Pt crucible from 25 to 600°C in a dynamic
atmosphere of synthetic air (80% N, and 20% O,) flowing
at 60 mL-min~" and heating rate of 10°C-min~". The critical
weight loss temperatures (T-onset), the temperature at which
samples lost between 70 and 80% of mass (T-shoulder), and
the temperature at which the final mass became stable (T-
endset) were obtained from the TG curves.

2.2.5. Mechanical Properties (Tensile Test). Tensile tests of
the TPS and composites were carried out according to
ASTM D 638-10 [22], using universal testing machine (EMIC
DL3000) with a 500 Kgf load cell. The test speed was set to
50 mm:min~" and the minimum of five replicates per com-
posite material were tested in order to determine the Young
modulus (E), ultimate tensile strength (o, ), and deformation
at break (¢,) of the materials.

2.2.6. Moisture Adsorption Analysis. Five 1.0cm x 4.0 cm X
0.2 cm samples of each formulation were predried 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, as prescribed
by the ASTM E104 [24] standard. The moisture adsorbed by
the samples by time was determined by weighing (0.0001 g
precision) them at successive intervals until they reached
constant weight. The amount of moisture adsorbed (MA) by
the samples was calculated as follows:

MA (%) = [M] x 100 1)
0) = MO S

where M, and M, are the initial mass of the sample (prior to
exposure to moisture) and the sample mass after ¢ hours of
exposure to moisture (97 + 2% RH), respectively. Each data
point represents an average of five samples.
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FIGURE 1: SEM micrographs and EDS measurements (detail) of (a) unmodified and (b) modified cellulose fibers.

3. Results and Discussion

3.1 Fiber Modification. Figurel shows SEM images and
EDS analysis of unmodified and modified cellulose pulp
fibers. Cellulose pulp fibers before modification (unmodified)
showed a smooth and uniform surface (Figure 1(a)), with
some apparent imperfections (detail) caused by the subse-
quent stages of drying during the pulping and bleaching
process. The content of silicon (Si) in unmodified fibers
(1.4%) was clearly lower compared with the modified fiber
(17.7%), as seen in the peaks of EDS analysis (Figures 1(a) and
1(b), resp.). SEM and EDS of the modified fibers (Figure 1(b))
show that the SiO, nanoparticles (detail) were deposited
on the surface of the cellulose fibers, as observed by the
increasing of the silicon (Si) peak in the EDS measurement,
confirming that the modification procedure was successful.

The deposition of SiO, nanoparticles caused the coating
of imperfections found in unmodified cellulose fibers. SiO,
deposition is achieved by the hydrolysis of the TEOS precur-
sor and subsequent condensation of the resultant hydroxyl
groups on the surface of the fibers [17, 25]. Although no
information was available from EDS measurements about
the thickness or degree of SiO, covering, the results strongly
suggest that a hybrid cellulose + SiO, composite was formed
since Si peak was remarkably intense in relation to C and
O peaks [26]. Pinto et al. [18] succeeded in cellulose fibers
modification by using TEOS precursor. The authors reported
fibers coated with a homogeneous layer of SiO, nanoparticles,
which provided a remarkable reduction in water uptake.
Ashori et al. [19] conducted a similar work with bacterial
cellulose and observed strong chemical interactions between
cellulose and silica phases in addition to improvement of the
composite mechanical strength. The above-mentioned stud-
ies clearly show the effectiveness of using TEOS precursor in
the modification of cellulose fibers.

The moisture adsorption pattern of the unmodified and
modified cellulose fibers exposed to 97 + 2% RH is shown in
Figure 2. After mass stabilization was reached, the unmodi-
fied fibers presented higher moisture adsorption (25.0+£0.5%)
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FIGURE 2: Moisture adsorption of unmodified and modified fibers.

than modified fibers (12.3 + 1.0%). This result is attributed
to the decrease of free hydroxyls, caused by deposition of
SiO, nanoparticles on the surface of the fibers, reducing their
hygroscopicity.

3.2. Thermal Analysis of the Composites. The thermal behav-
iors (TG and DTG) of the starch, TPS, and composites
reinforced with modified fibers (MF) and unmodified (NMF)
fibers are shown in Figure 3. For starch, there were three
stages of mass loss clearly defined in TG curves. Steps two
and three as much as main peaks are readily observed in
DTG curves. The first occurred between 30°C and 150°C,
corresponding to release of water and volatile. The second
was observed between 250 and 350°C with most promi-
nent degradation at 310°C related to starch decomposition
[27]. Some gases such as CO,, CO, H,O, and other small
volatile are released during this stage along with carbona-
ceous residue formation [28, 29]. The last stage took place
between 415 and 540°C and corresponds to decomposition of
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TABLE 1: Thermal properties (obtained by TG and DTG analyses) of the starch, TPS, and composites.

Sample T-onset (°C) DTG peak (°C) T-shoulder ("C) T-endset (°C) Residue at 600°C (%)
Starch 300 +7 310+ 3 321+6 502+2 0.4+0.3
TPS 291 £ 11 308 +1 321+10 471+ 4 0.4+0.2
TPS + NMF (5%) 290+ 3 307 +3 3207 459 +2 04+0.4
TPS + NMF (10%) 291+3 309 +2 325+16 443 +2 0.0 £ 0.5
TPS + MF (5%) 293 +4 310+ 3 322+6 475+7 24+22
TPS + MF (10%) 292+6 308+3 320 £10 471+ 2 3.7+18

the previously formed residue since an oxidative atmosphere
was used [27].

TPS exhibited a steady loss of weight from room tempera-
ture to near 250°C. This behavior is related to both the release
of water adsorbed by the plastics during their acclimatization
and combustion/volatilization of glycerol. This phenomenon
hinders distinction between the first and second stage of TPS
degradation and causes stronger mass loss ratio in the first
stage in comparison to starch [30].

From the TG curve (Figure 3(a)), the initial (T-onset) and
end (T-endset) degradation temperatures of starch, TPS, and
composite formulations were determined (Table 1). TPS and
composites showed a slight anticipation of the main weight
loss event (~290°C) compared to starch granules (~300°C).
This difference can be explained based on starch polymer
chain fragmentation, due to TPS processing, by which orga-
nizational structure of the starch was partially destroyed
causing the mobility of polymer chains to increase [31-
33]. Fiber addition (both NMF and MF) slightly decreased
weight loss ratio for temperatures below 250°C. NMF and MF
levels were not greatly affected and the initial degradation
temperature (Table1, view T-onset) was similar for both
TPS and composites. It is well known that unbleached fiber
addition improves the thermal stability of the starch matrix

when good adhesion between the parts is achieved [34]. Such
behavior was not observed in this work.

Figure 3(b) shows the maximum DTG peak between 250
and 350°C, which occurs around 310°C for all materials
(Table 1). In addition, it can be noticed that starch exhibited
the highest mass loss peak. The last thermal event after 400°C
shows the decomposition of the carbonaceous residue that
ranged from 498°C for starch to 467°C for TPS. Also, the
increase in cellulose pulp load from 5% to 10% led to the
decrease in temperature of maximum mass loss (from 450°C
to 440°C for unmodified fibers and from 464°C to 456°C for
modified fibers). This result suggests that cellulose and Si have
a catalytic activity on the thermal decomposition of the starch
carbonaceous product [27]. The residue contents remarkably
raised with fiber load increase from 5 to 10%, as much as from
unmodified to SiO, modified fibers.

3.3. Mechanical Performance of the Composites. The stress
to strain curves for tensile test of TPS and composites is
shown in Figure 4. All curves showed a linear region at low
stress application, where the stress was proportional to the
strain (elastic behavior), followed by plastic behavior and
restriction, where the stress showed a constant pattern until
failure.
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FIGURE 4: Stress to strain curves for tensile test of the TPS and composites reinforced with unmodified (NMF) and modified (MF) fibers.
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FIGURE 5: (a) Young modulus (E), (b) tensile strength (o,), and (c) strain at break (,) of TPS and composites reinforced with unmodified

(NMF) and modified (MF) fibers.

Inclusion of cellulose fibers and increase in fiber load led
to an increase of Young modulus (E) and tensile strength (o,)
of the composites in comparison to the TPS. Nevertheless,
the strain at break (g,) decreased more than 50% with fiber
addition (Figure 5).

Addition of 5% of unmodified fibers to TPS increased
in 1335% and 433% Young modulus and tensile strength,

respectively. Inclusion of 10% of unmodified fibers to TPS
increased in 3329% and 633% Young modulus and tensile
strength, respectively. The improvement of the mechanical
properties (tensile) with inclusion of different plant fibers
and nanofibers in TPS composites was widely reported in
literature [10, 35, 36]. For composites with modified fibers,
the inclusion of 5% of fibers increased in 235% and 116%
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FIGURE 6: SEM micrographs of (a) raw starch; fractured surface of the (b) TPS; (c, d) composites reinforced with 5% and 10% of unmodified
fibers (NMF), respectively; and (e, f) composites reinforced with 5% and 10% of modified fibers (MF). Arrows indicate holes in the composite

after rupture.

the Young modulus and the tensile strength, respectively,
while for 10% of fibers the increase was of 529% in the
Young modulus and 183% in the tensile strength. The lower
mechanical performance of composites reinforced with MF,
in relation to NMF (unmodified) fibers, can be attributed
to the poor adhesion of these fibers to the TPS matrix.
SiO, nanoparticles deposition on fiber surface drastically
reduces the free hydroxyl groups [25], making them into
hydrophobic. Fewer free hydroxyl groups on fiber surface
hinder their interaction with the matrix, which strongly
affects mechanical performance [13, 14]. Effective wetting,
uniform dispersion of all the components in the matrix,
and strong interfacial adhesion are required to obtain high
strength composites [37].

3.4. Microstructural Analyses of the Composites. Scanning
electron microscopy (SEM) was used to observe the interac-
tion and dispersion of the cellulose fibers in the TPS matrix.
Micrographs of the starch powder and fractured surface of
TPS and composites are depicted in Figure 6. The size of the
starch granules was about 8 to 15 ym (Figure 6(a)) and their
complete breakage due to extrusion can be observed in the
TPS and composites.

The fractured surface of the TPS samples (Figure 6(b))
shows homogeneous and compact structure, besides no
visible flaws and voids. TPS composites reinforced with
unmodified fibers (5% and 10% of NMEF, Figures 6(c) and
6(d), resp.) show good fiber dispersion in the TPS matrix,
without evident agglutinations. Strong interaction between
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matrix and fibers was also observed (Figures 6(c) and 6(d)
and details). SEM images evidence higher concentration of
fibers in composites made with 10% of NMF (Figure 6(d))
in comparison to those with 5% NMF addition (Figure 6(c)).
The same may be observed for composites with MF (Figures
6(e) and 6(f)). Fiber agglutinations are not desired because
they limit the stresses transference from matrix to the
fiber [38] and hence decrease mechanical strength of the
composites. For composites reinforced with modified fibers it
can be observed that fibers were pulled out from the TPS with
fracture, leaving voids in the matrix (arrows in Figures 6(e)
and 6(f)). Certainly this is a result of ineffective interaction
between composite phases (details in Figures 6(e) and 6(f))
as stated elsewhere [39].

3.5. Moisture Adsorption of Composites. The TPS adsorbs
moisture due to its hydrophilic nature [40], which directly
affects applications of derivate products. The moisture
adsorption curve of the materials during 30 days of exposure
to 97 + 2% RH (20 + 2°C) is shown in Figure 7. The moisture
uptake in the TPS and composites increased linearly up to five
days, followed by a slower adsorption ratio.

The addition of cellulose fibers contributed to decreasing
of moisture adsorption of TPS (Figure 7), similarly to results
from other works [41-43]. Remarkable differences in water
resistance among the evaluated materials become evident
after the fifth day of exposure to humid environment. After
30 days, it was observed a reduction of 12.3% in moisture
adsorption for composites reinforced with 10% NME, in
comparison to TPS. The composites reinforced with 5%
and 10% of MF presented 4.2% and 8.3% decrease in water
adsorption, respectively, in relation to TPS.

Lower enhancement of moisture adsorption found
for composites reinforced with MF is possibly due to

formation of microcracks at the interface between phases
(arrow in the detail of Figure 6(f)), which may favor moisture
accumulation. Interactions by hydrogen bonding between
starch molecules and cellulose fibers for both modified and
unmodified fibers make composites more stable to humid
conditions in relation to TPS [44].

Main results found in our work show that deposition
of SiO, nanoparticles hindered the interfacial interaction
between the cellulosic fibers and the TPS matrix. Future
investigations with nonpolar matrices are recommended to
advance the development of composites reinforced with the
hybrid SiO, -cellulose materials proposed in this work, since a
remarkable decrease in hydrophilic nature of cellulose fibers
was achieved.

4. Conclusions

The main proposition of this work was to develop a new
high strength composite made from TPS and Eucalyptus
cellulose pulp fibers modified by SiO, nanoparticles superfi-
cial deposition. Improvements include the moisture adsorp-
tion decrease and higher thermal stability of composites in
relation to TPS. Higher cellulose fiber load (10%) provided
improvements in mechanical and moisture strength of the
composites. Poorer interaction between composite phases
was detected when modified fibers (MF) were used; hence
higher strength was found for formulations with unmodified
fibers. The modification of the fibers proposed in this work
was successful, since a distinct surface characteristic of the
cellulose pulp fibers was observed. Such modification is very
promising for ongoing investigations towards development
and improvement of renewable composites.
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