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Mechanical, Morphological, and Thermal Properties of
Nutshell and Microcrystalline Cellulose Filled High-
Density Polyethylene Composites

Sevda Boran *

Effects of nutshell fiber loadings of 30 wt.% and MCC loadings up to 15
wt.% on some properties of high-density polyethylene composites (HDPE)
were investigated. The composites were manufactured by a single screw
extruder and injection molding. The experimental composite samples were
tested for their mechanical performance including tensile strength, tensile
modulus, flexural strength, flexural modulus, and impact strength.
Thermal and morphological properties of the composites were tested by
differential scanning calorimetry-DSC and scanning electron microscopy
(SEM), respectively. The maximum tensile strength was obtained from the
MCC-filled composites, whereas the maximum flexural strength was
achieved with the MCC-nutshell filled composites. The tensile and flexural
moduli of the composites were significantly improved with increasing MCC
content and the presence of nutshell fibers in polymer matrix. Impact
strength decreased using MCC and nutshell fiber in the polymer matrix.
Based on the DSC results, there was no remarkable change in the melting
point for all composites. The results showed that the incorporation of
nutshell fibers and MCC in the polymer matrix had brought about some
positive effect on mechanical properties of HDPE composites.
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INTRODUCTION

Compared with synthetic fibers, the utilization of natural fibers has been growing
rapidly in recent years because of their renewable nature, low cost, low density, low
thermal conductivity, non-toxicity, and high mechanical properties (Eichhorn et al. 2010;
Kiziltas et al. 2013; Peng et al. 2014; Ifuku and Yano 2015; Zulkifli et al. 2015). Despite
their advantages, these fibers have several drawbacks, including durability, which affects
their applications, high moisture adsorption, and limited thermal stability (Spoljaric et al.
2009; Peng et al. 2014). Common lignocellulosic materials consist of natural fibers such
as cotton, wheat straw, rice husk, wood pulp, jute, hemp, flax, tea mill waste, hazelnut
shell, sawdust, coconut, bamboo, corn stalks, banana fibers, and wood fibers, all of which
have been incorporated as reinforcement materials into various polymer composites
(DonmezCavdar et al. 2011; Dong and Davies 2012; Peng et al. 2014; Zulkifli et al. 2015).

Recently, other sources of lignocellulosic composites such as agricultural wastes
have also drawn attention as a way to overcome the wood shortage, which is resulting from
diminishing global petroleum resources, growing social awareness regarding the
environment, profitability for farmers, and health concerns (Copur et al. 2007; Sahari and
Sapuan 2011; Fonseca-Valero et al. 2015). Nutshell is one of these agricultural wastes. The
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world hazelnut production has reached 497,000 tons per year in the last five years, whereas
it was approximately 250,000 tons in 1960. Turkey is a top producer, with a supply of 70%
to 75% of the world hazelnut production. In addition, Turkey is the largest exporter of
hazelnut, followed by Germany, Italy, USA, France, Canada, Azerbaijan, Georgia, Spain,
Austria, Belgium, Switzerland, Poland, Ukraine, and the Netherlands (Candemir et al.
2011; Edible nuts, food, and agriculture 2014). Most of the nutshell grown in Turkey is
burned or left in the agricultural land after harvest (Copur et al. 2007). Nutshell as a
lignocellulosic material consists of 25% to 30% cellulose and hemicelluloses and 30% to
40% lignin (Idi and Mohamad 2011). It can be combined with thermoplastic matrices to
form composites for applications in the automotive, construction, and other industries
(Aziz and Ansell 2004).

Microcrystalline cellulose (MCC) obtained from cellulosic materials has a high
specific surface area (Mathew et al. 2005). It has been used as a cellulosic reinforcement
in polymer matrices such as polystyrene, polyethylene, polypropylene, and polyethylene
terephthalate (Spoljaric et al. 2009; Kiziltas et al. 2010; Haafiz et al. 2013). However, the
hydrophilic character of MCC fibers can account for relatively poor compatibility between
polar MCC fibers and non-polar hydrophobic polymer matrix materials (Sun et al. 2014;
Ifuku and Yano 2015). Coupling agents such as maleic anhydride grafted polyethylene for
polyethylene polymers are an attractive alternative to resolve the incompatibility between
polymer and cellulose (Mengeloglu and Kabakg1 2008). The MCC, which improves some
thermal, mechanical, and morphological properties of the resulting composites, is widely
used in various industries, especially in medical industries, cosmetics, pharmaceuticals,
automobile (door panels, seat frames, etc.) and construction (furniture, decking, etc.)
industries, and food and packaging processing industries (Kiziltas et al. 2010; Haafiz et al.
2013; Trache et al. 2014; Fonseca-Valero et al. 2015).

Some properties of MCC-filled polyethylene composites are well known, but there
is no report in the literature on the use of MCC and nutshell combined in composites. The
objective of this paper is to investigate the concurrency of MCC and nutshell in the
presence of a coupling agent (polyethylene graft maleic anhydride, PE-g-MA). Therefore,
some mechanical behaviors (tensile, flexural, impact strength), thermal properties (DSC),
and scanning electron microscopy (SEM) images of these composites were examined in
this study.

EXPERIMENTAL

Materials

Commercial high-density polyethylene (HDPE) (density:0.96g/cm*;MFI:11g/10
min at 190 °C/2.16 kg) in the form of thermoplastic polymer pellets was supplied by Petkim
Petrochemical Company in Izmir, Turkey.

Polyethylene graft maleic anhydride (PE-g-MA)(density:1.48 g/cm?; melting point:
52.8 °C) as a coupling agent and microcrystalline cellulose (MCC) (average volume
diameter~40pum) were purchased from Merck (Germany).

Nutshells were provided from the East Black-Sea region in Turkey. The granulated
nutshells were screened into three size fractions ranging from 0.5 to 2 mm. The nutshell
fibers on the 0.5-mm screen were used for composite production.
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Methods
Preparation of MCC and nutshell filled composites

All materials were dried in an oven at 80 °C and then stored in a plastic bag. The
moisture contents of all these materials were determined according to ASTM D5229M-14.
The oven-dried nutshell fibers (30 wt.%), HDPE, PE-g-MA (4 wt.%), and MCC (5, 10, and
15 wt%) were mixed for 3 min to produce the final composite. All oven-dried materials
were fed from the hopper in a single-screw extruder (L/D 30, Teknomatik Co., Turkey).
The screw speed was set at 50 rpm and the barrel temperature of the extruder was kept at
180 °C. The MCC proportions used were 5, 10, and 15wt%. The granulated nutshell fibers
were added at 30 wt.% to form polymer composites. All processing parameters are listed
in Table 1. The extruded strand was cooled using a water bath and then pelletized. All
pellets were granulated by a lab scale grinder and dried in an oven at 105 °C for 24 h before
injection molding. All compounded materials were produced by an HDX-88 injection
molding machine (Ningbo Haida Plastic Machinery Co. Ltd., China). The granulated
pellets were pressed using mold dimensions of 20 X 20 X 0.5 cm under 102 kg/cm? at 180
to 200 °C from feed to die zone with an injection speed of 80 mm/s.

Table 1. Composition of MCC and Nutshell Filled Polymer Composites

Composition*
Samples PE PE-g-MA MCC Nutshell
Neat HDPE 100 - -
HDPE/MCC-0 96 4 -
HDPE/MCC-5 91 4 5
HDPE/MCC-10 86 4 10
HDPE/MCC-15 81 4 15
HDPE/MCC-0/N-30 66 4 - 30
HDPE/MCC-5/N-30 61 4 5 30
HDPE/MCC-10/N-30 56 4 10 30
HDPE/MCC-15/N-30 51 4 15 30

*Values are percentage by weight (wt%); HDPE:high density polyethylene; MCC: microcrystalline
cellulose; N: nutshell; and PE-g-MA: polyethylene graft maleic anhydride

Mechanical properties

The tensile and flexural tests were performed with a universal mechanical testing
machine (Zwick/Roell, model Z010; Germany) with a 10-kN load cell according to ASTM
D638 (2007) and ASTM D790 (2007) standards, respectively. Notched Izod impact tests
according to ASTM D256(2007) were performed using a notching cutter (Ray-Ran Test
Equipment Ltd., Polytest, UK) and tested on a pendulum impact tester (Zwick, HIT5.5P;
Germany). Ten samples were tested for each type of composite. The results are presented
as the average of tested samples.

Differential scanning calorimetry (DSC) analysis

The DSC results were obtained using a DSC 8000 (Perkin Elmer, USA). A sample
mass of 8 to10 mg was used to measure the thermal transitions of composites. First, the
samples were held at 20 °C for 5 min and then heated at a rate of 20 °C/min to 200 °C.
They were held for 5 min at 200 °C and then cooled at a rate of 10 °C/min to 20 °C. Then,
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samples were held for 5 min at 20 °C. They were then heated again at a rate of 10 °C/min
to 200 °C. All these procedures were performed using a nitrogen atmosphere. The DSC
measurements were done on randomly picked individual ground samples. The results are
presented as the average for tested samples.

Scanning electron microscopy (SEM) analysis

Morphological studies of composites were carried out using a JEOL JSM-5500
scanning electron microscope (JEOL Ltd., Japan) to investigate the effects of MCC and
nutshell in the polymer matrix. Test samples were cryogenically fractured in liquid
nitrogen. The fractured sample surfaces were sputter-coated with a thin layer of gold with
a thickness of 2 to 5 nm by an EmScope SC 400 sputter coater (UK) to eliminate electron
charging effects before viewing. The samples were scanned at 2 kV with 200x SEM
micrograph magnifications.

Statistical Analysis

SPSS 21.0 statistical package software was used to analyze the statistical evaluation
of the results. The mechanical properties of MCC filled composites and MCC-nutshell
filled composites were compared using a Duncan’s mean separation test and analysis of
variance test with general linear model (GLM).

RESULTS AND DISCUSSION

Mechanical Properties

It was observed that mechanical properties such as tensile strength, tensile modulus,
flexural strength, flexural modulus, and impact strength were affected by the addition of
MCC. Figure 2 shows the results of variance analysis for tensile properties of MCC filled
composites and MCC-nutshell filled composites. The tensile strength values ranged from
17.2 to 20.6 MPa. The tensile strength of the nutshell filled composite without MCC was
lower than that of all MCC filled composites. MCC did not seriously affect tensile strength
of the composites, while nutshell resulted in a minor decrease in tensile strength. This can
be related to differentiation between the size of MCC (40 um) and nutshell fiber (0.5 mm)
(Cavdar et al. 2015). As also shown in Fig.1, the variance analysis indicated that MCC
loading had a significant effect on tensile strength and tensile modulus. Mengeloglu and
Karakus (2008) have also reported that tensile strength of the polymer composites were
decreased when the amount of eucalyptus wood flour was increased.

The tensile modulus values of the MCC filled composites and the MCC-nutshell
filled composites increased with increasing MCC content (Fig. 1). The highest tensile
modulus (682.0 MPa) was obtained from the HDPE/MCC-15/N-30 sample. The tensile
modulus value of the MCC-nutshell filled composites was improved by 14% when MCC
content was increased from 5 to 15 wt.%. The reason for this phenomenon is that the
cellulosic materials had higher modulus of elasticity compared to the polymer matrix. Also
with increasing cellulosic filler content the ductility decreases, giving rise to a more rigid
composite (Abu Bakar et al. 2010). These observations are in accordance with previous
studies (La Mantia et al. 2005; Mengeloglu and Karakus 2008). A similar result was
reported for an HDPE polymer matrix containing hardwood cellulose fibers (Fonseca-
Valero et al. 2015). The tensile modulus value with the addition of 30 wt.% nutshell fiber
was higher than that of MCC-filled composites. As can be seen from Fig. 1, a noticeable

Boran (2016). “MCC & nutshell HDPE composites,” BioResources 11(1), 1741-1752. 1744



bioresources.com

PEER-REVIEWED ARTICLE

difference in the tensile modulus was observed between the MCC-filled composites and
the MCC-nutshell filled composites.
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Fig. 1. Tensile properties of MCC filled composites and MCC-nutshell filled composites according
to GLM and Duncan tests of SPSS analysis (Means with the same letter for tensile properties are
not significantly different at the P<0.05 significant level.) TS: Tensile strength; TM: Tensile modulus

Figure 2 illustrates the effect of MCC-filled composites and MCC-nutshell filled
composites on flexural strength and flexural modulus. The incorporation of nutshell fiber
into the MCC-filled composites provided an improvement in flexural strength. The flexural
strength value of the composite containing 5 wt.% MCC and 30 wt.% nutshell was
improved by approximately 18% compared with the MCC filled composites. A similar
increase has been also observed for some natural fibers in the literature. Favaro et al. (2010)
studied the mechanical properties of HDPE reinforced with sisal fibers. They concluded
that the incorporation of acetylated sisal fibers (10 wt.%) into the polymer matrix increased
the flexural strength and tensile modulus of the polymer matrix. The flexural strength
values of MCC-nutshell filled composites decreased when the content of MCC was above
10 wt.%. The MCC-filled composites showed lower flexural strength because of the
relatively poor interface in the polymer matrix, similar to the flexural modulus. The flexural
strength and flexural modulus values of nutshell filled composite without MCC had higher
values compared with those of the MCC-filled composite. It can be hypothesized that there
is a good compatibility between nutshell and the HDPE in this study. Figure 2 shows that
the presence of nutshell fibers in polymer composites without MCC also positively affected
the flexural modulus compared with MCC-filled composites. The results of the flexural
modulus values showed that the addition of nutshell into MCC-filled composite was much
more effective. This may be due to the interaction of the nutshell fibers and MCC. It is well
known that the mechanical behavior of complex composite materials depends on the aspect
ratio and morphology of fibers, the interface properties, the modulus and the volume
fraction of each component, and the orientation and length distribution of fibers (Ifuku and
Yano 2015). Previous studies have indicated that the flexural modulus values of MCC
filled PET-PTT composites, cellulose wood pulp filled nylon 6 composites, and aliphatic
polyketone and polyester/cellulose based composites with 33 wt.% cellulose pulp fiber all
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increased with MCC loading (Caulfield et al. 2001; Sears et al. 2001; Bengtsson and
Oksman 2006; Kiziltas et al. 2011).
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Fig. 2. Flexural properties of MCC-filled composites and MCC-nutshell filled composites according
to GLM and Duncan tests of SPSS analysis (Means with the same letter for flexural properties are
not significantly different at the P<0.05 significant level.) FS: Flexural strength; FM: Flexural
modulus

As can be seen in Fig. 3, the impact strength values of the MCC-filled composites
were higher than those of the MCC-nutshell filled composites.
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Fig. 3. Impact strength of MCC-filled composites and MCC-nutshell filled composites according to
GLM and Duncan tests of SPSS analysis (Means with the same letter for impact properties are not
significantly different at the P<0.0001 significant level.) IS: Izod impact strength
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The impact strength value of the MCC-filled composites decreased from 2.85 to
2.15 kdJ/m?. It is also apparent that the impact strength values of all composites decreased
with increasing MCC content. The impact strength value for 30 wt.% nutshell-filled
composite without MCC was higher than all other composites studied, except for the
HDPE/MCC-0 sample. Similar results, such as decreasing of the impact strength of
composites with increasing MCC loading, were also observed in other studies (Zaini et al.
1996; Bengtsson and Oksman 2006; Kiziltas et al. 2010; Zulkifli et al. 2015). Such findings
can be attributed to an increase in its brittleness due of addition of the high amounts of
MCC into the polymer matrix (Cavdar et al. 2015). Kiziltas et al. (2010) reported that
polymer mobility increases with increasing MCC content and leads to lower impact
strength. The decrease in impact strength of the polymer matrix can also be improved by
using impact modifiers or providing flexible interfacial bonding.

DSC Analysis

The DSC analysis was performed to investigate the thermal properties of MCC-
filled composites, MCC-nutshell filled composites, and the nutshell- filled composite. The
DSC curves for all composites are shown in Figs. 4 and 5. The melting points for the MCC-
filled composites, the MCC-nutshell filled composites, and the nutshell-filled composite
without MCC all were around 115 °C. DSC analysis results indicated that extruder
temperatures should be over 115 °C for HDPE composites.
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Fig. 4. Curves for MCC-filled HDPE composites

It is well known that the residence time of material in an extruder can have a
significant effect during processing. The extruder temperature should not exceed 220 °C
because cellulosic materials start to degrade (Mengeloglu and Karakus 2008). Thermal
decomposition of cellulose, which has a glass transition temperature in the range of 200 to
230 °C, starts at ca. 260 °C (Peng et al. 2013). Sumigin et al. (2012) were also reported
that increasing the MCC content in LDPE composites did not have a significant effect on
the melting temperature. A similar observation was also reported by Kiziltas et al. (2011).
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Fig. 5. DSC curves for MCC-nutshell filled HDPE composites
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Fig. 6. Scanning electron micrographs of composites for a) HDPE/MCC-0, b) HDPE/MCC-10,
¢) HDPE/MCC-10/N-30, and d) HDPE/MCC-0/N-30
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SEM Analysis

The SEM images of HDPE/MCC-0, HDPE/MCC-10, HDPE/MCC-10/N-30, and
HDPE/MCC-0/N-30 samples are shown in Fig. 6. The bonding ability and the degree of
dispersion between polymer matrix and reinforcing phase are helpful to determine the
properties of any composite material (Mathew et al. 2005). Figure 6b shows that MCC
filled composites exhibited small pulled-out fibers, indicating poor adhesion. Figure 6c
showed that some nutshell fibers were embedded into the HDPE polymer. As seen from
Fig. 6d, the HDPE/MCC-0/N-30 composite had some gaps and micro-cracks as a
consequence of poor fiber-polymer matrix bonding. The better dispersion and adhesion
between MCC-nutshell and polymer overlapped with results from the mechanical
properties of these composites. For high MCC loadings, the MCC-filled composites
exhibited lower interfacial adhesion in some studies (Kiziltas et al. 2010; Zhang et al. 2011;
Haafiz et al. 2013; Zulkifli et al. 2015).

CONCLUSIONS

The results show that the MCC-nutshell filled composites resulted in higher
flexural properties and higher tensile modulus compared with the MCC-filled composites.
As the MCC content increased, the tensile strength values for the MCC-filled composites
increased. Compared with the MCC-filled composites, adding nutshell fibers into polymer
matrix without MCC improved the flexural properties and tensile modulus. The impact
strength values of nutshell-filled composite and MCC-filled composites decreased with
increasing MCC content. The DSC parameters showed that there was not a remarkable
change in melting temperature of the MCC-filled composites. Based on the SEM images,
the use of nutshell and MCC resulted in better dispersed structures in the polymer matrix.
In summary, the presence of nutshell into MCC-reinforced HDPE provided significant
improvements in mechanical properties of the composites.

ACKNOWLEDGMENTS

The author would like to thank Karadeniz Technical University Scientific Research
Project Programme (BAPO3-Project N0.13504) for financial support. The author would
also like to thank project team member and www.woodcomposite.org team of KSU for
carrying out all the experimental work.

REFERENCES CITED

Abu Bakar, M. B., Mohd Ishak, Z. A., Mat Taib, R., Rozman, H. D., and Mohamad Jani,
S. (2010). “Flammability and mechanical properties of wood flour-filled
polypropylene composites,” J. Appl. Polym. Sci. 116, 2714-2722.
DOI:10.1002/app.31791

ASTM D256 (2007). “Standard test method for determining the 1zod pendulum impact
resistance of plastics,” ASTM International, West Conshohocken, PA.

ASTM D638 (2007). “Standard test method for tensile properties of plastics,” ASTM
International, West Conshohocken, PA.

Boran (2016). “MCC & nutshell HDPE composites,” BioResources 11(1), 1741-1752. 1749


http://www.woodcomposite.org/

PEER-REVIEWED ARTICLE b | oresources.com

ASTM D790 (2007). “Standard test method for flexural properties of reinforced and
reinforced plastics and electrical insulating materials,” ASTM International, West
Conshohocken, PA.

ASTM D5229M-14 (2014). “Standard test method for moisture absorption properties and
equilibrium conditioning of polymer matrix composite materials,” ASTM
International, West Conshohocken, PA.

Aziz, S. H., and Ansell, M. P. (2004). “Optimizing the properties of green composites,”
in: Green Composites, Polymer Composites and the Environment, C. Baillie (ed.),
Woodhead Publishing, Cambridge, UK, pp.154-180.

Bengtsson, M., and Oksman, K. (2006). “The use of silane technology in crosslinking
polyethylene/wood flour composites,” Compos. Part A — Appl. Sci. 37(5), 752-765.
DOI:10.1016/j.compositesa.2005.06.014

Candemir, M., Ozcan, M., Giines, M., and Deliktas, E. (2011). “Technical efficiency and
total productivity growth in the hazelnut agricultural sales cooperatives unions in
Turkey,” Math. Comp. Appl. 16(1), 66-76.

Caulfield, D. F., Jacabson, R. E., Sears, K. D., and Underwood, J. (2001). “Fiber
reinforced engineering plastics,” in: 2" International Conference on Advanced
Engineered Wood Composites, Orono, ME, August 14-16, pp.1-6.

Cavdar, A. D., Kalaycioglu, H., and Mengeloglu, F. (2015). “Technological properties of
thermoplastic composites filled fire retardant and tea mill waste fiber,” Mater. Sci.
DOI:10.1177/0021998315595113

Copur, Y., Guler, C., Akgul, M., and Tascioglu, C. (2007). “Some chemical properties of
hazelnut husk and its suitability for particleboard production,” Build. Environ. 42(7),
2568-2572. DOI:10.1016/j.buildenv. 2006.07.011

Dong, C., and Davies, 1. J. (2012). “Flexural properties of macadamia nutshell particle
reinforced polyester composites,” Compos. Part B-Eng. (43), 2751-2756. DOI:
10.1016/j.compositesb. 2012.04.035

DonmezCavdar, A., Kalaycioglu, H., and Mengeloglu, F. (2011). “Tea mill waste fibers
filled thermoplastic composites: The effects of plastic type and fiber loading,” J.
Reinf. Plast. Compos. 30(10), 833-844. DOI:10.1177/0731684411408752

Edible nuts, food, and agriculture, Ministry of Economy
(2014).(http://mwww.ekonomi.gov.tr/portal/content/conn/UCM/path/Contribution%20
Folders/web_en/Home/Sectoral%20Reports%20and%?20Statistics/Sectoral%20Report
s/Industry/foodprocessing_machinery.pdf).

Eichhorn, S. J., Dufresne, A., Aranguren, M., Marcovich, N. E., Capadona, J. R., and
Rowan, S. J. (2010). “Review: Current international research into cellulose nanofibres
and nanocomposites,” J. Mat. Sci. 45(1), 1-33. DOI:10.1007/s10853-3874-0

Favaro, S. L., Ganzerli, T. A., CarvalhoNeto, A. G. V., Silva, 0. R. R. F., and
Radovanovic, E. (2010). “Chemical, morphological and mechanical analysis of sisal
fiber-reinforced recycled high-density polyethylene composites,” Express. Polym.
Lett. 4(8), 465-473. DOI:10.3144/expresspolymlett.2010.59

Fonseca-Valero, C., Ochoa-Mendoza, A., and Arranz-Andres, J. (2015). “Mechanical
recycling and composition effects on the properties and structure of hardwood
cellulose-reinforced high density polyethylene eco-composites,” Compos. Part A-
Appl. Sci. 69, 94-104. DOI:10.1016/j.compositesa.2014.11.009

Haafiz, M. K. M., Hassan, A., Zakaria, Z., Inuwa, 1. M., Islam, M. S., and Jawaid, M.
(2013). “Properties of polylactic acid composites reinforced with oil palm biomass

Boran (2016). “MCC & nutshell HDPE composites,” BioResources 11(1), 1741-1752. 1750



PEER-REVIEWED ARTICLE b | oresources.com

microcrystalline cellulose,” Carbohydr. Polym. 98, 139-145.
DOI:10.1016/j.carbpol.2013.05.069

Idi, A., and Mohamad, S. E. (2011). “Bioethanol from second generation feedstock
(lignocellulose biomass),” Interdiscip. J. Contemp. Res. Bus. 3(8), 919-935.

Ifuku, S., and Yano, H. (2015). “Effect of a silane coupling agent on the mechanical
properties of a microfibrillated cellulose composite,” Int. J. Biol. Macromol. 74, 428-
432. DOI:10.1016/j.ijbiomac.2014.12.029

Kiziltas, A., Gardner, D. J., Han, Y., and Yang, H.-S. (2010). “Determining the
mechanical properties of microcrystalline cellulose (MCC)-filled PET-PTT blend
composites,” Wood Fiber Sci. 42(2), 165-176.

Kiziltas, A., Gardner, D. J., Han, Y., and Yang, H. S. (2011). “Thermal properties of
microcrystalline cellulose —filled PET-PTT blend polymer composites,” J. Therm.
Anal. Calorim. 103, 163-170. DOI:10.1007/s10973-010-0894-6

Kiziltas, A., Nazari, B., Gardner, D. J., and Bousfield, D. W. (2013). “Polyamide 6-
cellulose composites: Effect of cellulose composition on melt rheology and
crystallization behavior,” Polym. Eng. Sci. 54(4), 739-746. DOI:10.1002/pen.23603

La Mantia, F. P., Morreale, M., and Izhak, Z. A. (2005). “Processing and mechanical
properties of organic filler-polypropylene composites,” J. Appl. Polym. Sci. 96(5),
1906-1913. DOI: 10.1002/app.21623

Mathew, A. P., Oksman, K., and Sain, M. (2005). “Mechanical properties of
biodegradable composites from poly lactic acid (PLA) and microcrystalline cellulose
(MCC),” J. Appl. Polym. Sci. 97(5), 2014-2025. DOI:10.1002/app.21779

Mengeloglu, F., and Kabakgi, A. (2008). “Determination of thermal properties and
morphology of eucalyptus wood residue filled high density polyethylene composites,”
Int. J. Mol. Sci. 9(2), 107-119. DOI:10.3390/ijms9020107

Mengeloglu, F., and Karakus, K. (2008). “Thermal degradation, mechanical properties
and morphology of wheat straw flour filled recycled thermoplastic composites,”
Sensors 8(1), 500-519. DOI:10.3390/s8010500

Peng, Y., Gardner, D. J., Han, Y., Kiziltas, A., Cai, Z., and Tshabalala, M. A. (2013).
“Influence of drying method on the material properties of nanocellulose I:
Thermostability and crystallinity,” Cellulose 20(5), 2379-2392.
DOI:10.10071s10570-013-0019-z

Peng, Y., Liu, R., Cao, J., and Chen, Y. (2014). “Effects of UV weathering on surface
properties of polypropylene composites reinforced with wood flour, lignin, and
cellulose,” Appl. Surf. Sci. 317, 385-392. DOI:10.1016/j.apsusc.2014.08.140

Sahari, J., and Sapuan, S. M. (2011). “Natural fibre reinforced biodegradable polymer
composites,” Rev. Adv. Mat. Sci. 30(2), 166-174.

Sears, K., Jacobson, R., Caulfield, D., and Underwood, J. (2001). “Reinforcement of
engineering thermoplastics with high purity wood cellulose fibers,” Sixth
International Conference on Woodfiber-Plastic Composites, Forest Products Society,
Madison, W1, May 15-16, pp.27-34.

Spoljaric, S., Genovese, A., and Shanks, R. A. (2009). “Polypropylene-microcrystalline
cellulose composites with enhanced compatibility and properties,” Compos. Part A-
Appl. Sci. 40(6-7), 791-799. DOI:10.1016/j.compositesa.2009.03.011

Sumigin, D., Tarasova, E., Krumme, A., and Viikna, A. (2012). “Influence of cellulose
content on thermal properties of poly(lactic) acid/cellulose and low-density
polyethylene/cellulose composites,” Proc. Est. Acad. Sci.61(3), 237-244.
DOI:10.3176/proc.2012.3.14

Boran (2016). “MCC & nutshell HDPE composites,” BioResources 11(1), 1741-1752. 1751



PEER-REVIEWED ARTICLE b | oresources.com

Sun, X,, Lu, C., Liu, Y., Zhang, W., and Zhang, X. (2014). “Melt-processed poly(vinyl
alcohol) composites filled with microcrystalline cellulose from waste cotton fabrics,”
Carbohydr. Polym. 101, 642-649. DOI:10.1016/j.carbpol.2013.09.088

Trache, D., Donnot, A., Khimeche, K., Benelmir, R., and Brosse, N. (2014). “Physico-
chemical properties and thermal stability of microcrystalline cellulose isolated from
alfa fibres,” Carbohydr. Polym. 104, 223-230. DOI:10.1016/j.carbpol.2014.01.058

Zaini, M. J., Fuad, M. Y. A., Ismail, Z., Mansor, M. S., and Mustafah, J. (1996). “The
effect of filler content and size on the mechanical properties of polypropylene/oil
palm wood flour composites,” Polymer Int. 40(1), 51-55. DOI:10.1002/(SICI)1097-
0126(199605)40:1<51::AID-P1514>3.0CO;2-|

Zhang, X., Shen, J., Yang, H., Lin, Z., and Tan, S. (2011). “Mechanical properties,
morphology, thermal performance, crystallization behavior, and kinetics of
PP/microcrystal cellulose composites compatibilized by two different
compatibilizers,” J. Thermoplast. Compos. Mater. 24(6), 735-753.
DOI:10.1177/0892705711403527

Zulkifli, N. 1., Samat, N., Anuar, H., and Zainuddin, N. (2015). “Mechanical properties
and failure modes of recycled polypropylene/microcrystalline cellulose composites,”
Mater. Des. 69, 114-123. DOI:10.1016/j.matdes.2014.12.053

Avrticle submitted: August 19, 2015; Peer review completed: December 2, 2105; Revised
version received: December 13, 2015; Accepted: December 14, 2015; Published: January
6, 2016.

DOI: 10.15376/biores.11.1.1741-1752

Boran (2016). “MCC & nutshell HDPE composites,” BioResources 11(1), 1741-1752. 1752



