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Abstract We investigated the rheological and
mechanical properties of a polypropylene (PP) com-
posite reinforced by microfibrillated cellulose (MFC)
fibers, of which the size was fractionated at ca. 24 um
by removing substances such as lignin or hemicellu-
lose out of natural plants to exert the maximum
mechanical performance of cellulose fibers. Due to the
poor compatibility of MFC with a non-polar
hydrophobic PP matrix, the MFC surface was mod-
ified through silylation and acetylation to increase its
wetting and dispersion characteristics. The content of
silylated-MFC could increase up to 30 wt% in the PP
composite through large-volume process such as
extrusion and injection molding. In addition, all
mechanical properties of the silylated-MFC/PP com-
posite were improved compared to untreated MFC/PP,
acetylated MFC/PP composite. It was ensured by a
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strong shear thinning characteristic of the PP com-
posite with silylated MFC content 30 wt% exhibiting
a 69% lower viscosity (337 Pa-s at 4.7 s~ 1) than the
neat PP at 180 °C. The same 30 wt% silylated
specimens gave a well-dispersed fibrous MFC in PP,
providing a tensile modulus (3.09 GPa) and a flexural
modulus (3133 MPa), which were 64 and 81% higher
than the neat PP, and 16 and 15% higher than the
untreated-MFC composites, respectively. The flexural
strength and the heat distortion temperature were also
increased by 10 and 22%, compared to neat PP,
respectively. In the acetylation reaction, the fibril
structure of MFC was damaged due to full substitution
by acetyl groups, and the reinforcing effect was
insignificant as a filler in PP matrix. The developed
silylated-MFC/PP composites provided excellent
mechanical properties and high-loading processability
that would be difficult to achieve by other eco-friendly
composite systems.
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Graphical abstract

PP composites containing Silylated MFC of 30 wt%
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Introduction

In the past few decades, sustainable, environmentally
friendly, and low-carbon emission composite materi-
als have been investigated intensively to replace
petroleum-based materials, and this was recently
accelerated by the Paris Climate Convention in 2015
due to the seriousness of ecosystem destruction and
environmental pollution (Rogelj et al. 2016; Wambua
et al. 2003). Cellulose fiber is considered as an ideal
green reinforcing biofiller for incorporation in various
polymer composites due to its light weight, renewa-
bility, low energy consumption (the energy required to
produce MFC is about 5-12 MJ/kg, glass fibers are
54 MJ/kg, carbon fibers are more than 1000 MJ/kg),
biodegradability, abundance and, more importantly,
outstanding mechanical properties that could be
comparable to glass fibers or carbon fibers (Etcheverry
and Barbosa 2012; Minus and Kumar 2005; Moon
et al. 2011; Paavilainen et al. 2012; Shi et al. 2017;
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Spence et al. 2011; Wu et al. 2018). Meanwhile,
cellulose fibers have been used in various forms: long
fibers (e.g., kenaf, jute, coir, sisal and bamboo fibers)
(Defoirdt et al. 2010; Mohanty et al. 2004; Rahman
et al. 2008; Shi et al. 2017; Zampaloni et al. 2007),
man-made regenerated fiber (e.g., Lyocell) (Cordin
et al. 2017) and microcrystalline cellulose (MCC)
(Spoljaric et al. 2009). Compared with these forms of
cellulose, MFC is composed of a well-refined cellu-
lose fibril structure that could guarantee mechanical
properties on a par with those of aramid fibers (Moon
et al. 2011). In addition, it has a diameter of a few
micrometers, which is comparable to the most popular
reinforcing fibers (glass or carbon) as designed for
exerting the best mechanical performance. It should
also be addressed that the lignin and hemicellulose
components are eliminated beforehand in the MFCs
used in this study to exert the maximum reinforcing
performance. Lignin and hemicellulose, which have
less intermolecular aggregation and weaker hydrogen
bonding energy due to their complex chemical struc-
ture than cellulose, must be removed for the successful
transmission of external stress from the polymer
matrix to the filler (Kiaei et al. 2014).

The fiber length or the aspect ratio of the reinforc-
ing filler is a quite important factor to be considered in
relation to the selection of a manufacturing method
and attainable performance of the composites. It is
clear that continuous fibers (L/D = c0) produce the
highest performance, but the processing techniques
and production rates are substantially limited. In this
sense, chopped (or short) fibers have been used as a
reinforcement of composite structures most often
fractionated in the range of millimeters in length, for
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example, carbon fibers at 7 mm (Lin et al. 2008), glass
and Kevlar fibers at several mm (Sohn and Hu 1994,
Zhang et al. 2017). The micrometer-sized MFC
consists of nanometer-order fibrils which form a
three-dimensional network. Also, the size distribution
of MFC fibers is wide and interconnected to each
other. Therefore, the critical length (L.) of MFC was
induced through the experimental results of several
papers on the mechanical properties of nano-sized
cellulosic fibrils. According to the stress transfer
theory, the load is fully supported by short fibers as
much as long fibers when the fiber length is longer than
L. of the load transfer:

d
Le=op-5

where o/is the tensile strength of the fiber, d is the fiber
diameter, and 7, is the shear stress on the fiber-matrix
interface (Kelly and Tyson 1965). Using this relation,
the critical length of the MFC may be estimated to be
in the range of 70-1333 nm for d = 10-40 nm,
ar = 350-1000 MPa and 7, = 15-25 MPa (Eichhorn
2011; Khalil et al. 2012; Pickering et al. 2016;
Sjostrom 2013). Recently, commercialized MFC short
fibers have been developed in a fine powder form
having several-tens of micrometers in length and a few
micrometers in diameter, which are well over the
critical lengths of the MFC (van de Ven and Godbout
2013). These commercialized MFCs consist of long
and thin interconnected fibrils, which is quite advan-
tageous for reinforcing polymer matrices by embed-
ding skeletal fiber in it for high performance
composite structures (Lepetit et al. 2017).

However, it should be mentioned that MFCs are
hydrophilic in nature, and thus form a gel-like
structure in water (Sir6 and Plackett 2010). This
strong hydrophilicity of cellulosic fibers usually
results in a poor compatibility with most polymers
and subsequently their composite can hardly avoid
voids formed at the fiber-matrix interface and/or
coagulated clusters of fibers, which usually results in
poor mechanical performance. Thus, the compatibility
between the polymer matrix and the cellulose fibers
should be improved to achieve enhanced mechanical
properties of the composites. Used in a variety of
applications, PP is not an exception in this compati-
bility issue with cellulose fibers. When PP is to be used
with cellulose, therefore, poly(propylene-graft-maleic
anhydride) (PP-g-MA) has been broadly used as a

compatibilizer, which is likely to form ester linkage
with the hydroxyl groups on the surface of the
cellulose fibers (Iwamoto et al. 2014; Rowell 2008).
However, when PP-g-MA is added to the PP matrix, it
should be addressed that the mechanical properties of
the composites usually degrade, and the material cost
increases. Alternatively, surface modification of the
cellulose fibers has been investigated: e.g., the acety-
lation reactions with acetic anhydride and the silyla-
tion reactions with a silane coupling agent (Missoum
etal. 2013; §panié 2015; Xie et al. 2010). Particularly,
the silylation reaction is induced only on the fiber
surface without giving substantial damage to cellulose
fibers, and the degree of silane substitution can be
controlled by controlling the amount of silane agent in
a facile way (Abdelmouleh et al. 2002).

PP is one of the most widely used thermoplastic
matrix materials for large-volume parts in many
applications including automobiles, buildings, and
many other products (Suzuki et al. 2013). For man-
ufacturing large-volume parts, extrusion and injection
processes are usually adopted for PP-based feedstocks,
which usually include particulate or fibrous fillers.
However, such fillers substantially increase the melt
viscosity and it limits the filler-loading content of the
feedstock. For example, a PP-based composite con-
taining 30 wt% natural fibers has a viscosity as high as
10° Pa s or more, which does not satisfy the extrudable
viscosity region of 10°-10° Pa's (Le Baillif and
Oksman 2009; Vlachopoulos and Strutt 2003). Con-
sequently, it should be mentioned that the sharp
increment of the feedstock viscosity often makes the
extrusion or injection molding processes impossible
and hinders the dispersion of such natural fillers in the
PP matrix. Accordingly, the natural filler content for
the feedstock of extrusion or injection molding is less
than 30 wt%.

In the current research, we thoroughly investigated
the surface modification of MFC powders comparing
silylation and acetylation methods using an MFC
powder fractionated at a particle size of ca. 24 pm.
The MFC loading in the PP matrix was increased up to
30 wt% for maximum performance of the composites,
which was tested as a feedstock of large-volume
production processes of extrusion and injection mold-
ing. We optically investigated the dispersity of the
MEFC powder in the PP matrix, and we analyzed the
thermal stability, rheological and mechanical proper-
ties of the resulting MFC/PP composites.

@ Springer
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Experimental
Materials

PP (SB9230) was purchased from Korea Petrochem-
ical Ind. Co. Ltd., Korea. The PP resin used in this
study has a number-average molecular weight (Mn) of
32,000 g/mol, weight-average molecular weight
Mw) of 250,000-260,000 g/mol, polydispersity
(PDD) of 7.9, melt index (MI) of 30 g/min, density of
0.91 g/cm®, and melting point of 167 °C. All material
properties of PP were supplied by the manufacturer.
The MFC (W-400) was supplied by Nippon Paper
Chemicals, Japan. According to the supplier, the
average particle size and bulk density was about
24 pm, 0.4 g/cm3, respectively. Sulfuric acid, [3-
(methacryloyloxy)propyl] trimethoxysilane (MPMS)
was purchased from Sigma-Aldrich. Acetic anhydride,
acetic acid, toluene, and ethanol were obtained from
Daejung Chemicals & Materials Co. Ltd., Korea. All
reagents were used without further purification.

Preparation of the composite specimens
Silylation of MFC

A silane coupling agent, MPMS (0.5 g) was dissolved
in an ethanol/water solution (8:2, v/v, 100 ml). For the
hydrolysis of MPMS and stabilization of the formed
silanol in the solution, the solution was adjusted to pH
4 using an appropriate amount of acetic acid. The
MPMS was hydrolyzed for 1 h at room temperature.
The MFC (10 g) powder was mixed with silane in
aqueous solution for 3 h at room temperature for
silylation of MFC. The chemically modified MFC was
washed over 3 times with ethanol and water, filtered to
remove the unreacted reagent and byproducts. A
condensation reaction of the samples was carried out
in a vacuum oven at 110 °C for 2 h. After condensa-
tion, the samples were dried overnight in a vacuum
oven at 80 °C (Brochier Salon and Belgacem 2011;
Nishiyama et al. 1987).

Acetylation of the MFC
The dried MFC (5 g) was mixed with acetic
acid/toluene (4:5, v/v, 45 ml). The solution was

vigorously stirred for 1 min after the addition of
sulfuric acid (0.1 ml) as a catalyst. The MFC solution

@ Springer

was stirred for 12 h at room temperature with acetic
anhydride of 50 ml. The acetylated MFC was thor-
oughly washed with water to remove the toluene,
unreacted acetic anhydride, and acetic acid byprod-
ucts. The samples were dried in a vacuum oven at
70 °C for 48 h (Spanié¢ 2015).

Preparation of the PP/MFC composites

The untreated MFC, silylated MFC (S-MFC) and
acetylated MFC (A-MFC) were dried using a vacuum
oven at 60 °C overnight before use to remove the
residual water. The MFC concentration was 10, 20,
30 wt% in the PP/MFC composites. A twin-screw
extruder (40 L/D ratio, BA-19, Bau-tech, Korea) was
used to compound the MFC, S-MFC, and A-MFC with
the PP as a matrix polymer. The temperature of the
barrel was set to 100—180 °C, and the screw speed was
300 rpm. All of the extruded pellets of the PP/MFC
composites were dried in an oven at 60 °C overnight.
For the mechanical and rheological tests, the analyt-
ical specimens were manufactured using an injection
molding machine (clamping force 45 ton, Engel,
Germany) operating at an injection temperature of
180 °C and a mold temperature of 40 °C according to
the ASTM standard.

Characterization

The infrared spectra of MFC, S-MFC, and A-MFC
were obtained using Fourier transform infrared (FT-
IR) spectroscopy (IFS-66/S, Bruker, USA). Scanning
electron microscopy (SEM, S-2400, Hitachi, Japan)
was used to observe the morphology of the PP/MFC
composites with an accelerating voltage of 18 kV. The
samples were sputter-coated with gold using a sputter
coater (E-1010, Hitachi, Japan). A thermogravimetric
analysis (TGA, TG/DTA 7300, Seiko Inst., Japan) was
conducted in a nitrogen atmosphere from ambient
temperature to 600 °C with a heating rate of 10 °C/
min. Dynamic mechanical analysis (DMA, Q800, TA
instruments, USA) was carried out in bending mode
with a single cantilever. The DMA samples were
prepared at a size of 10 mm wide, 17.5 mm long, and
2 mm thick using an injection molding machine. The
rheological characteristics were studied using a rota-
tional theometer (MCR 30, Physica, Germany), and
the measurement was conducted in a parallel plate
geometry with a diameter of 25 mm at 180 °C and was
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performed at strain rates ranging from 0.001 to
100 s~

Results and discussion
Chemical modification of the MFC

Figure la, b schematically show two routes that we
investigated herein: S-MFC and A-MFC, respectively.
The reaction of the silane coupling agent with MFC
was conducted through hydrolysis, self-condensation,
adsorption and grafting (Fig. la) (Xie et al. 2010).

Both methods led to the hydrophobic characteristics of
MFC. The acetylation reaction of the MFC was
performed under heterogeneous conditions using
acetic anhydride, acetic acid and sulfuric acid as an
acidic catalyst (Fig. 1b) (Lepetit et al. 2017).

The FT-IR spectra of the chemically modified
MFCs are shown in Fig. 2. The characteristic bands
generated by functional groups were observed in the
spectrum of each chemically treated MFC. In the
spectrum of the MFC (Fig. 2a), strong bands at
3392 cm™ ! and 1033 cm™' can be attributed to the -
OH stretching and C—O-C in anhydroglucose units. In
comparison, the spectrum of the A-MFC showed

A (|m OCH3 OH
. CH,;COOH
Hydrolysis: ~ R'—8i—OR [ HsCO—Si— _~_ CH; 2 R'—Si—OH + 3ROH
(l)R (I)CH Y Ethanol/water
3
CH3 o
3-methacryloyloxypropyltrimethoxy silane
R: methyl group, R’: 3-methacryloyloxypropyl
OH OH H OH

Self-condensation: R'—T—OII + HO—Si—R' =——p R'—Si—O0—Si—R' + H,0

OH OH OH

OH
OH
OH 0 09\
R'—Sl'—OH "
OH l' HO OH
- + N
Adsorption: 0, 09\ OH 1 OH OH
n
HO OH OH OH R'

—_— H
HO—Si—O—Si—R'

HO—Si— O0—Si—R' OH OH OH
OH OH
OH OH
o
% o 09\
n A
. . it n +  XH0
Chemically grafting : HO OH ~ o
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A o
n HyC o CHy Toluene/Acetic acid n
HO OH RO OR CH;,
MFC Acetic anhydride A-MFC
(Acetylated MFC)

Fig. 1 Chemical modification of MFC by silylation (a), acetylation (b)
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Fig. 2 FT-IR spectras of A B
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obvious evidence of the acetylation exhibiting three
important ester bonds that appeared at 1753, 1408,
1236 cm™', which belong to the carbonyl C=0O
stretching of ester, C-H stretching in —O(C=0)-
CHs;, and C-O stretching of acetyl group, respectively.
Another important finger-print peak observed in the
A-MFC spectrum was a reduced intensity of the peak
at 3485 cm ™!, which can be assigned to the stretching
vibrations of O—H when compared to the MFC. This
decrement is a result of the O—H being substituted by
acetyl groups proving successful acetylation. A slight
shift in the hydroxyl groups of MFC compared to the
A-MFC should be considered to be probably due to
abundant hydrogen bonds in the cellulose molecules,
in turn demonstrating the destruction of hydrogen
bonds via acetylation. The S-MFC could not be clearly
identified during the FT-IR analysis due to the broad
absorption by Si-O-Si, Si-C, Si-OH and Si-O-C
bonds in the range of 1000-1260 cm™' that overlap
with the O-H bending peaks of cellulose (Tian et al.
2010). Accordingly, the synthesis of S-MFC was
confirmed through a dispersion test.

Digital pictures were taken to display the dispersion
characteristics of the MFC, S-MFC and A-MFC in a
benzene and water mixture over time (Fig. 3a). The
MFC showed a migration toward hydrophilic water at
1 min after vigorous shaking. On the other hand, the
S-MFC and A-MFC were dispersed in non-polar and
hydrophobic benzene after 1 min and 10 min. In case
of the S-MFC, some particles were dispersed in the
upper benzene of the mixture after 1 min and
remained stable even after 10 min. That migration
might be due to the replacement of hydroxyl group in
MEC through silylation reaction, which are more

@ Springer

hydrophobic. The A-MFC was present at the interface
between benzene and water, which is evidence that
confirms hydrophobic and polar characteristics of the
A-MFC. The acetylated MFC was found damaged
seemingly due to the higher excessive degree of
acetylation, which can be confirmed by comparing it
with the untreated MFC one in Fig. S1. It seems that
the crystalline structure of the fibrillar cellulose was
partially destroyed while the hydroxyl groups of
cellulose was substituted with the acetyl groups via
the acetylation reaction (Zepic et al. 2015). Figure 3b
is a digital photograph of a specimen for tensile
characterization.

Morphology of the PP/MFC composites

Successful reinforcement of filler can be achieved
through good adhesion at the interface between filler
and matrix. Figure 4 shows the SEM images of PP/
MFC composites containing 30 wt% of MFC (A),
S-MFC (B) and A-MFC (C). As can be seen, PP
appears as a smooth surface, and the cellulose
derivatives are dispersed in the PP matrix. Figure 4a
shows how untreated cellulose fibers are agglomerated
in sizes of 30-50 pm, and the voids are present at the
interface with the PP matrix. On the other hand, the
aggregate size of the chemically-modified cellulose in
the PP matrix is confirmed to be less than 25 pm, and
the voids were also reduced. Also, comparison of
Fig. 4b, ¢ shows that the silylation reaction of MFC is
the most effective to manufacture the PP/MFC com-
posites. As a result, the compatibility is confirmed to
be improved with a decrease in the voids between the
cellulose fibers and the PP matrix by decreasing the
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Fig. 3 Photographs of a the vials containing untreated MFC
and the chemically modified MFCs with two different methods
in two different solvents which are benzene(upper) and

hydrophilicity of the cellulose surface. The hydrogen
bonding of the cellulose surface is assumed to be
weakened by substituting the hydroxyl group of the
cellulose with a hydrophobic functional group to
improve the compatibility with the hydrophobic
matrix. The improvement in the interfacial adhesion
in the composites is supported by the results of the
mechanical properties shown in Fig. 9 and Table 1.

Thermal stability of the MFC derivatives and PP/
MEFC composites

Figure 5 shows the weight loss of the MFC derivatives
and PP/MFC composites compared to the pristine
MEC and neat PP, respectively. As can be seen in
Fig. 5a, the 5 wt% weight loss temperatures of the
MFC, S-MFC and A-MFC are 281 °C, 297 °C and
299 °C, respectively. The decomposition of cellulose
is a result of intermolecular or intramolecular dehy-
dration reaction. The hydroxyl groups of cellulose
fiber are stable as poor leaving groups, but, a Brgnsted
acid catalyst or heat helps by protonating the hydroxyl
group to give the better leaving group, -OH, ™. Thus,

S
| '
-

water(lower), b tensile specimens (ASTM D638 Type 1) of
MFC/PP composites were prepared by using injection machine

the chemically-modified MFC has better thermal
stability due to the small number of hydroxyl groups
left after modification (Lu and Drzal 2010; Zhang et al.
2011). As seen in Fig. 5b, the first weight loss stage of
the PP/MFC composites appears at around 329 °C,
which corresponds to the decomposition of cellulose
fibers. The second weight loss of the PP/MFC
composites appearing at around 376 °C correspond
to the thermal decomposition of PP. The high thermal
stability of the MFC derivatives can be applied to
commercial thermoplastic resins, such as PP, PE, PVC
and ABS, which have processing temperatures of
about 120-220 °C.

Dynamic mechanical analysis

The dynamic mechanical analysis of the injection
molded specimens was carried out from — 80 to
135 °C at 1 Hz. The storage modulus spectra of the
PP/MFC composites for the 30 wt% cellulose content
are presented in Fig. 6a. A remarkable improvement
in the storage modulus values is seen when the
cellulose has been added except A-MFC. In the

@ Springer
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Fig. 4 Morphology of PP composites containing 30 wt% of cellulose derivatives after chemical modification; a untreated MFC,
b silylated MFC, ¢ acetylated MFC

Table 1 Composition and mechanical properties of chemically modified MFC/PP composites

Composition (wWt%) Tensile strength  Tensile modulus  Flexural strength  Flexural modulus HDT Melt Index (g/
(MPa) (GPa) (MPa) (MPa) (°C) 10 min)
PP MFC S-  A-
MFC MEFC
100 - - - 28.3 1.88 47.3 1734 1145 33
90 10 - - 26.6 2.00 48.8 2075 1174 263
80 20 - - 25.3 2.32 439 2296 1173 20.7
70 30 - - 244 2.67 45.0 2720 128.6  18.8
90 - 10 - 272 2.12 48.1 2032 127.5 248
80 - 20 - 26.5 2.57 50.3 2492 1349  20.6
70 - 30 - 26.0 3.09 52.0 3133 139.2 15.5
90 - - 10 25.4 1.69 44.5 1671 1139  28.6
80 - - 20 24.0 1.77 43.7 1694 1184 274
70 - - 30 17.1 1.96 36.3 2064 111.2 219
vicinity of the glass (f) transition temperature at composites showed an improvement in the storage
around 5 °C, a very considerable drop is observed, modulus spectrum over neat PP. The reinforcing effect
indicating that the material has gone through a glass/ by addition of the fibers is assumed to increase the

rubber transition. The PP/MFC and PP/S-MFC stiffness of the PP composite (Poletto and Zattera

@ Springer
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Fig. 6 Variation of a storage modulus, b loss modulus with temperature for neat PP and 30 wt% of MFC/PP, S-MFC/PP, A-MFC/PP

composites

2017). The untreated MFC showed a reinforcing effect
due to presence of fibril structure in the cellulose fiber,
but it was not as effective as the S-MFC having
improved compatibility with PP after chemical mod-
ification. In the case of PP/A-MFC composite, it does
not show the reinforcing effect in the PP matrix due to
the destruction of cellulose fibrillated structure by the
high degree of acetylation as seen in Fig. S1 (Bledzki
et al. 2008). Figure 6b shows a variation in the loss
modulus as a function of the temperature for different
composites. The loss modulus of the PP/MFC and PP/
S-MFC composites increase more than that for neat PP
due to the energy dissipation through an increased
internal friction. Mechanical damping is an important
parameter related to the dynamic behavior of fiber-

reinforced composites, and the damping properties of
the material produce a balance between the elastic
phase and the viscous phase in a polymeric structure
(Hameed et al. 2007). The mechanical damping values
of the MFC composites are similar to those of neat PP
under the glass («) transition temperature at around
50 °C, but these increase in the temperature range
from 50 to 100 °C, as shown in Fig. 7. Increasing the
damping effect due to the energy dissipation between
filler—filler molecules or filler-matrix molecules, can
provide benefits of a longer service life of the
components, reduction in weight and noise (Chandra
et al. 1999; Lakes 2002).
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Fig. 7 Variation of mechanical damping factor with tempera-
ture for neat PP and 30 wt% of MFC/PP, S-MFC/PP, A-MFC/
PP composites

Rheological properties

The unique rheological properties of polymer and their
composites such as shear thinning behavior are very
important for associating processing methods. In
particular, the viscosity of thermoplastics and their
composites is a critical factor in process conditions
and productivity. The viscosity of the PP and PP
composites are shown as a function of the shear rate in
Fig. 8. As shown in Fig. 8a, the PP/A-MFC composite
has a higher viscosity than that of neat PP at the low
shear rate under 0.16 s~ but has a lower viscosity
than the PP/MFC and PP/S-MFC composite. For the

A g0
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Kbl e PP70/MFC30
.yvvm"""V 4 ¢ PP70/S-MFC30
v Vv, v PP70/A-MFC30
v,
"? I-IIIIIIIIII.-..:!I -
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-9 1 "
= | \ v’ .l..
E’ 10 Intersection i ’.. v "
z at the shear rate | Sogv. ",
2 0f0.16 51 5 s,
> ! 3
‘i;
1
Low shear rate | High shear rate®
2 - T g
10° T T T T T T
10* 10° 10° 10" 10° 10 10°

Shear rate (1/s)

A-MFC, the destruction of the cellulose fibril structure
by the acetylation is a cause of lowering the viscosity
of the PP/A-MFC composite. As seen in Fig. 8b, the
viscosity of composite increases as the S-MFC content
increases at low shear rate under 0.16s™'. All
specimens exhibit a shear thinning behavior with a
decrease in the viscosity as the shear rate increases.
The melt viscosity of the fabricated composites
increases with the addition of cellulose fibers at a
low shear rate of less than 0.16 s~ (Eberle et al.
2008). On the other hand, the viscosity of the PP/S-
MFC composites is lower than that of neat PP at a high
shear rate greater than 0.16 s~'. In the higher shear
rate region, the PP/S-MFC composites show a greater
shear thinning behavior due to the preferential orien-
tation of the cellulose fiber along the flow direction
and slip between the fibers and the polymer matrix (Gu
et al. 2004; Jang 2018). The rheological properties of
the fabricated composites in this study can be expected
to improve the processability when the PP/MFC
composites are produced through conventional plastic
extrusion processes in a shear rate range up to
1000 s~ (Vlachopoulos and Strutt 2003).

Mechanical properties

The mean mechanical properties (tensile strength,
tensile modulus, flexural strength, flexural modulus,
heat distortion temperature and melt flow index) and
its standard deviation of the PP/MFC composites are

B ¢
oo = Neat PP
L00AMAAAE OV o PPY0/S-MFCI0
*
[ v PP80/S-MFC20
v TV *  PP70/S-MFC30
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Fig. 8 Viscosity at different shear rates for a neat PP and composites with the filler content of 30 wt%, b neat PP and PP/S-MFC

composites by content
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Fig. 9 Mechanical properties of the PP/S-MFC composite at different S-MFC content of 10, 20, 30 wt%

exhibited in Fig. 9, summarized in Table 1. The
tensile strength of the fabricated composites decreases
with an increase in the cellulose content in the fibers of
the composites, and it decreases by 14, 8 and 30%
compared to that of neat PP (28.3 MPa) in the case in
which 30 wt% MFC (24.4 MPa), S-MFC (26.0 MPa)
and A-MFC (17.1 MPa) are added, respectively. The
decrease in tensile strength of the fabricated PP
composites is due to quasi-brittle behavior, which is
attributed to nonuniform stress transfer by the
agglomerated fibers and the restricted mobility of PP
chains (Yang and Gardner 2011; Zulkifli et al. 2015).
The PP/S-MFC composites improved in all properties
containing the tensile modulus, flexural strength,
flexural modulus and heat distortion temperature,
except for the tensile strength compared to the neat PP.
The reinforcing effect of the S-MFC in the PP matrix is
excellent in all mechanical properties when the
content of the cellulose fibers remains the same. As
seen above, the PP/MFC and PP/S-MFC composites
showed similar tendencies in an analysis of the
thermal and rheological properties, but all mechanical
properties of the PP/S-MFC composites were higher
than those of the PP/MFC composites. Specifically,
the tensile strength, tensile modulus, flexural strength,
flexural modulus, heat distortion temperature was
improved by 6, 15, 15, 15, 8%, respectively. These
results were caused by the enhanced compatibility at
the interface between PP composites and cellulose
fibers after the surface modification of MFC, as seen in
the SEM images of the PP/S-MFC composite. On the
other hand, the mechanical properties of the PP/A-
MFC composite decreased more than the untreated
MEC composites due to the collapse of cellulose fibril
structure and the reduction of crystalline region in
cellulose fibril after the acetylation (Bledzki et al.
2008).

Conclusion

PP composites containing MFC derivatives were
fabricated via extrusion and injection processes. The
S-MFC successfully controlled the hydroxyl group
through a silylation reaction with MPMS to improve
the compatibility with PP, which results in a small
aggregate size and good interface without voids in the
PP matrix. The enhanced compatibility between the
PP matrix and the S-MFC improves the mechanical
properties of the PP composites as well as the
processability. Consequently, these results demon-
strate that MFC is a sufficient biofiller for conven-
tional bio-composites and can be immediately applied
in general composite manufacturing.
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