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Abstract

Interest in biocomposite materials and their use in various applications has been growing 
steadily over the past 10-15 years. Increasing environmental awareness and lower material 
costs are the main driving forces for using renewable materials, such as wood and cellulose 
fibers, as reinforcement in polymer composites. In addition to the materials used in the 
composite preparation, the processing has a large impact on the final properties of the 
composite. Therefore, the main thrust of this work has been on processing of wood-based 
biocomposite materials using twin-screw extrusion.

In the first part of the work (Papers I, II and III), wood-plastic composites were
manufactured using twin-screw extrusion. Currently, wood flour consisting of small wood 
particles with low aspect ratio is used as the main wood raw material in commercial wood-
plastic composites. A better reinforcement is achieved by using wood fibers with a higher 
aspect ratio, but individual fibers are seldom used in composite manufacturing due to 
processing problems and higher cost. Therefore, the objective of the first part of this work was 
to study the use of wood chips as raw material in wood-plastic composites and the possibility 
to separate individual fibers from the wood chips during the composite manufacturing 
process. The effect of extrusion parameters and raw materials on the aspect ratio of the wood 
particles/fibers and on the mechanical properties of the composites was evaluated. The study
showed that wood chips can be used as raw material in a one-step process for manufacturing 
wood-plastic composites, and that it is possible to separate individual fibers with a higher 
aspect ratio than wood flour from the wood chips under suitable processing conditions.

The second part of the work (Papers IV and V) focused on the twin-screw extrusion of 
cellulose nanocomposites. The use of nanosized cellulose fibers to reinforce polymer matrices 
has many benefits over the macrosized fibers, such as the high surface area and large aspect 
ratio. However, the preparation of cellulose nanocomposites is more complicated due to the 
high hydrophilicity and aggregation tendency of nanocellulose, meaning that drying of the 
nanofibers is not recommended when good dispersion of nanofibers is needed. Therefore, the 
aim was to study the processing of green cellulose nanocomposites with twin-screw extrusion 
using thermoplastic starch as the matrix polymer and cellulose nanofibers with high water 
content as the reinforcement (Paper IV). In addition, the effect of twin-screw extrusion on 
separating micro/nanoscale fibers from cellulose fibers during the compounding of 
biocomposites was studied (Paper V). The fibrillation of nanocellulose is a highly energy 
intensive process; therefore, it would be very beneficial if it could be done at the same step as 
the compounding of the composites. The preparation of thermoplastic starch and composite 
compounding was performed in one step, and the effects of extrusion compounding on the 
dispersion of the cellulose nanofibers, on the micro/nanofibrillation of cellulose fibers, and on 
the composites’ mechanical, optical and moisture absorption properties were studied. The 
results showed that some aggregation of cellulose nanofibers occurred during the extrusion 
process, but that the addition of cellulose nanofibers had a positive effect on the properties of 
the prepared bionanocomposites. Nanofibrillation of cellulose was not accomplished using the
selected processing conditions; however, dispersion of the fibers was enhanced.
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1 Introduction

1.1 Background

Interest in biocomposite materials and their use in various applications has been growing 
steadily over the past 10-15 years, especially in the case of natural fiber reinforced polymer 
composites. Increasing environmental awareness and lower material costs are the main 
driving forces for the growing interest in using natural fibers as reinforcement in polymer 
composites. Natural fibers, such as wood and cellulose fibers, are considered environmentally 
sustainable materials due to their renewability and biodegradability. A very appealing 
characteristic of natural fibers is also the fact that they can be considered as carbon dioxide 
neutral materials, i.e. they do not release excess carbon dioxide into the atmosphere when 
composted or combusted [1]. Other main advantages of natural fibers over the synthetic and 
inorganic fibers traditionally used as reinforcement in polymeric composites are low specific 
weight, high specific strength and stiffness, safer handling and working conditions and non-
abrasiveness to the processing equipment [1]. When the used reinforcement is in nanoscale, 
such as nanocellulose, even further improvements in the composite properties can be 
obtained.

As the needs to replace the less environmentally friendly materials with more sustainable ones 
are growing and new applications for biocomposites are being developed, demands on the 
performance of composites are also increasing. So far, research in the field of biocomposites 
has focused strongly on the materials used in the composite preparation, and not so much on 
the processing on the materials, even though the latter has a large impact on the final 
properties of the material. One of the most commonly used methods in the industrial 
processing of polymer composites is the extrusion process; therefore, the focus on this work is 
on processing of wood-based biocomposites using the twin-screw extrusion method, and 
especially on development of new processing methods in order to be able to use cheaper raw 
materials and to improve the properties of the prepared composites.

In the case of wood-plastic composites (WPC), the main wood raw material used nowadays in 
the composites is wood flour consisting of small wood particles with rather low aspect ratio. 
Earlier studies have shown that individual wood fibers with higher aspect ratio improve the 
strength properties of the composites [2, 3], but due to difficult feeding and processing fibers
are seldom used in the WPC manufacturing. In twin-screw extrusion mechanical stresses, 
such as shear and compression, are subjected to the material as it goes into the clearances 
between the two rotating screws or between the screw and the barrel [4]. Shear forces could 
also be used to reduce the particle size and to separate fibers with a higher aspect ratio from 
the wood particles. If the defibration of wood chips could be done in the same extrusion step 
as the composite compounding, it would be possible to use cheaper wood residues in 
composite manufacturing and simultaneously improve the mechanical properties of the 
composite. 
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The typical methods used currently in manufacturing of cellulose nanocomposites are 
laboratory-scale methods such as solution casting and resin impregnation. However, using 
more efficient processing methods in the nanocomposite preparation would be important in 
order to obtain more commercially viable products. Twin-screw extrusion is a suitable method 
for large-scale processing, but extrusion compounding of cellulose nanocomposites is studied 
only to some extent, mainly due to the difficult feeding and poor dispersion of cellulose 
nanoparticles in melt compounding [5]. Especially, if non-polar polymers are used as 
matrices, dispersion of cellulose nanoparticles with polar surfaces is difficult [6]. Problems 
also arise from the fact that when nanocellulose is dried prior to compounding, it forms 
aggregates which are extremely difficult to break in order to achieve good dispersion in the 
polymer matrix [5]. Chemical pre-treatments can be used to produce dried, non-aggregated 
cellulose nanoparticles; however, feeding and handling of dried nanoparticles can be a safety 
issue. Earlier studies have shown that liquid feeding of cellulose nanoparticles in melt 
compounding of cellulose nanocomposites is possible, but problems have arisen due to fast 
evaporation of water and degradation of the matrix polymer [6, 7]. However, if the nanofibers 
could be used in a suspension with high water content in the composite manufacturing using a 
polymer with similar surface characteristics, better dispersion could be possible. Even more 
cost-effective bionanocomposites could be manufactured if the shear forces in a twin-screw 
extruder could be used for nano/microfibrillation of cellulose in the same step as the 
compounding of the biocomposite, as the isolation of nanocellulose is a highly energy-
intensive process.

This chapter gives an overview of wood-plastic composites and cellulose nanocomposites. 
Also, the separation processes typically used to isolate wood fibers and cellulose nanofibers 
from wood raw material, as well as the structure of wood, are briefly discussed.

1.2 Wood-plastic composites

Wood-plastic composites (WPCs) are materials which combine the properties of wood and 
matrix polymer. In general, wood-plastic composite materials contain varying contents of 
wood, plastics and additives and their processing is done using the same techniques as 
processing of neat thermoplastic polymers. The use of wood-plastic composites in different 
applications has been steadily growing since the 1990s. So far, the major markets for wood-
plastic composites have been North America and Asia, although the use of natural fiber and 
wood reinforced polymer composites is also on the increase in Europe. Currently, the main 
use of WPCs is in building and construction to replace impregnated wood in outdoor 
applications such as decking, railings, and window and door frames. Other uses of WPCs are, 
e.g. automotive interior panels and interior materials such as flooring and furniture. Examples 
of some WPC products are shown in Fig. 1.
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Fig. 1 Examples of wood-plastic composite products [8].

The use of natural cellulose materials such as wood fibers and wood flour as reinforcement in 
thermoplastics has many advantages over the inorganic and synthetic fillers traditionally used 
in polymer composites. Natural fibers are light and inexpensive, they are abundant and they 
have high specific stiffness and strength. The environmental aspects are also important; 
natural fibers are renewable, recyclable and biodegradable materials. However, there are also 
problems related to the use of natural fibers in thermoplastic composites. Major drawbacks 
are the poor interfacial adhesion between the hydrophobic matrix and the hydrophilic fibers
and the difficult dispersion of fibers in the matrix. Because of the hydrophilic nature of 
natural fibers, they need to be dried before the compounding step. In addition, the processing 
temperatures are limited due to the thermal degradation of the wood fibers in temperatures 
above 200°C, hence limiting the range of suitable matrix polymers. [9]

1.2.1 Raw materials

The polymer matrix forms a continuous phase which surrounds the wood component in 
WPCs. Because of the low thermal stability of wood, only polymers with processing 
temperatures lower than 200°C are typically used in WPCs. The polymers used are mostly 
low-cost commodity thermoplastics which flow easily when melted, and the most common 
polymers used in WPCs are polyethylene (PP), polypropylene (PP) and polyvinylchloride 
(PVC). [10]

The wood raw material used in wood-plastic composites is either in the form of wood flour or 
wood fibers. The term fiber refers to a single spindle-shaped wood cell, even though the term 
is sometimes used inaccurately to describe wood particles. Individual fibers can be separated 
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from wood using various chemical or mechanical methods familiar from papermaking 
processes. Fibers have typically high strength and quite high aspect ratios (length-to-diameter 
ratio, l/d), resulting in good reinforcing potential. However, due to the higher cost and 
difficulties in processing, particularly in feeding and metering, wood fibers are not used to the 
same extent as wood flour in commercial manufacture of wood-plastic composites. Wood 
flour is the most commonly used material in manufacturing of wood-plastic composites; it is 
less expensive and feeding and metering wood flour is easier compared to wood fibers. Wood 
flour consists of small wood particles composed of fiber bundles and the aspect ratio of the 
particles is low, typically between 1 and 5. Therefore, the reinforcing capability of wood flour 
is not as good as that of fibers. Wood flour is provided in various particle size ranges; 
however, typically the particle size of wood flour is within 180-840 m. Wood flour can be 
obtained directly from the forest product companies or from companies specialized in 
producing wood flour [11]. Wood flour is mainly produced from the residues of various wood 
processors, and the typical processing steps are: 1) size reduction using different types of
mills, 2) size classification by screening and 3) drying. [10]

In addition to wood and matrix polymer, wood-plastic composites contain small amounts of 
additives. These additives affect the processing and performance of the material. The most 
common additives are coupling agents, light stabilizers, pigments, lubricants, fungicides and 
foaming agents. Coupling agents (or compatibilizers) are especially important in wood-plastic 
composites. They are used to improve the interfacial adhesion between the hydrophobic 
matrix and the hydrophilic wood. Maleic anhydride grafted polypropylene, MAPP, is one of 
the most commonly used coupling agents in WPCs. MAPP is believed to enhance the 
interfacial adhesion via two mechanisms: 1) anhydride forms an ester bond with a wood cell 
wall hydroxyl group, and 2) PP segment attached to the anhydride entangles with the PP or 
PE network in the melt. [11]

1.2.2 Processing

Processing of wood-plastic composites typically consists of three steps: 1) wood raw material 
processing, 2) compounding and 3) molding of the products by injection molding, profile 
extrusion or compression molding. The purpose of the wood processing step is to increase the 
value and quality of the wood raw material by separating it into different sizes and species 
and drying it before the compounding step. There are also wood fiber companies which 
provide pre-processed wood fibers for many applications. In the compounding step the actual 
composite is manufactured by blending the reinforcement with the matrix polymer. Typically, 
a twin-screw extruder is used in the compounding. The compounded material can be 
immediately pressed or shaped into an end product or formed into pellets for further 
processing. The products can be manufactured using sheet or profile extrusion, injection 
molding, calendering, thermoforming or compression molding. Most WPCs are made by 
profile extrusion, in which the molten composite is forced through a die of specific shape to 
produce a continuous profile. These kinds of products are mainly used in building materials, 
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such as decking boards. When more complex shapes are wanted, other methods such as 
injection or compression molding can be used. [9, 11]

A variety of extruder types and processing methods are used in the production of WPC. For 
example, some processors use single-screw extruders to produce the end product from 
compounded pellets, whereas some compound and shape the final products in one step using 
twin-screw extruders. This kind of processing is also called direct extrusion. In direct 
extrusion either profiles or sheet materials for compression molding can be manufactured. A 
schematic diagram of a direct extrusion line for profile manufacture is shown in Fig. 2. [9, 11]

Fig. 2 In-line compounding and profile extrusion of WPCs [12].

1.2.3 Properties

Because of the wide variety of wood-plastic composites, the properties and performance of 
the composites vary considerably. The individual properties of wood and matrix polymer 
determine the properties of a composite. The stiffness is especially influenced by the form, 
size, dispersion and content of the wood in the composite. The interfacial adhesion between 
the wood and matrix determines the strength, moisture uptake and long-term properties of
wood-plastic composites. [9]

In general, it can be said that addition of a wood component enhances the stiffness of the 
polymer matrix. However, at the same time, the material becomes more brittle. When 
compared to solid wood, WPCs are typically less stiff. When fibers are used instead of wood 
flour as reinforcing agent, the mechanical strength, elongation and the unnotched impact 
strength properties of the composites usually increase. [13]
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The fungal resistance and dimensional stability of wood-plastic composites is better than that 
of solid wood because they absorb moisture more slowly due to the thermoplastic matrix. 
However, the mechanical properties such as creep resistance, stiffness and strength are 
typically lower than those of solid wood. Therefore, wood-plastic composites have been used 
mainly as non-structural members in building applications. However, there is a need for 
WPCs suitable for more demanding structural applications, and a lot of research is being done 
to improve the mechanical performance, durability and service life of wood-plastic 
composites. For example, WPCs for structural applications such as the sill plate for housing,
bridges and waterfront applications are under development. [13, 14]

1.3 Cellulose nanocomposites

In recent years there has been a remarkable growth in interest in the use of nanocellulose as 
polymer reinforcement in order to create high-performance biomaterials. The main reason for 
the appeal of nanosized cellulose is that by reducing the size of the cellulose fiber, material 
with higher uniformity and less defects and, thereby, improved mechanical properties, can be 
obtained [15]. Nanocellulose also has the advantage of being a sustainable material due to its 
biodegradability and renewability. When compared to conventional composite materials, 
nanocomposites are expected to have improved mechanical, thermal and barrier properties 
[16, 17]. There are a wide variety of possible applications for cellulose nanocomposites,
varying from replacement of synthetic materials with more environmentally friendly materials
to creating completely new types of biomaterials. Currently, cellulose nanocomposites are 
being considered for use in, e.g. packaging, medical, automotive, electronics, construction and 
water treatment applications [5].

1.3.1 Raw materials

In cellulose nanocomposites the reinforcement can be either in the form of cellulose 
nanofibers or cellulose nanocrystals. Cellulose nanofibers (also known as nanofibrillated 
cellulose, microfibrillated cellulose, cellulose nanofibrils, etc.) are prepared by mechanical 
and/or chemical or enzymatic treatments, and they have a fibrous structure containing the 
amorphous and crystalline structure of cellulose. The thickness/width of the cellulose 
nanofibers is typically in the range of 20-40 nm, as they consist of cellulose microfibril
aggregates [16]. The length of cellulose nanofibers is estimated to be several micrometers
and, therefore, they have high aspect ratio (l/d) [17, 18]. The rod-like cellulose nanocrystals
(a.k.a. cellulose nanowhiskers, nanocrystalline cellulose, cellulose nanorods, etc.) consist of 
crystalline cellulose, and they are prepared by acid hydrolysis, whereby the amorphous parts
of cellulose are removed. The width of cellulose nanocrystals is usually between 5 to 70 nm, 
and the length is from 100 nm to 250 nm when plant cellulose is used as the source material
[18].



7

A wide range of polymers have been used as the matrix in cellulose nanocomposites,
including both biodegradable and non-biodegradable thermoset and thermoplastic resins.
Particularly, use of nanocellulose as biopolymer reinforcement has gained considerable 
interest as efforts have been made to create more environmentally sustainable high 
performance materials. The inherent properties of cellulose, biodegradability and 
hydrophilicity, explain why, in many studies, matrices with similar properties have been used, 
such as starch [19], chitosan [20], polyvinyl alcohol (PVOH/PVA) [21, 22] and polyethylene 
oxide (PEO) [23]. Also, non-biodegradable thermoset resins such as phenol formaldehyde
[24-26], melamine formaldehyde [27], epoxy [26, 28] and acrylic resins [26] have been used 
to prepare cellulose nanocomposites using the resin impregnation method. Hydrophobic 
thermoplastic polymers, such as polypropylene (PP) [29], polyethylene (PE) [29], polylactid 
acid (PLA) [30], cellulose acetate butyrate (CAB) [31, 32] and polycaprolactone (PCL) [33],
have been used as matrices in cellulose nanocomposites using, e.g. solvent exchange or 
chemical modification to ensure better dispersion of the hydrophilic nanocellulose in the 
hydrophobic matrix.

1.3.2 Manufacturing

Despite the great prospects of cellulose nanocomposites, there are still challenges related to 
the preparation of these materials limiting their use in commercial applications. Development 
of suitable processing methods is one of the major challenges with respect to the energy-
efficient separation of nanocellulose and the compatibilization of reinforcements with the 
matrix polymer [5]. The main concern in the processing of cellulose nanocomposites is to 
obtain a homogeneous dispersion of nanoparticles in the polymer matrix. Due to the 
hydrophilic nature of cellulose, drying of cellulose leads to formation of irreversible 
aggregates and aggregation in most non-polar matrices as a result of hydrogen bond formation
between cellulose nanoparticles [6, 34, 35]. For this reason, the highest level of dispersion of 
nanocellulose is expected to be achieved when water is used as the processing medium and,
therefore, polymers which can be processed in aqueous solutions are often preferred. Solvent 
exchange methods have been used to prepare cellulose nanocomposites with hydrophobic 
polymers to change the water from nanocellulose suspension to a less polar solvent. Also 
surfactants or chemical modifications of the nanoparticle surfaces have been studied to reduce 
the surface energy of the nanoparticles and thus improve the dispersion and compatibility with 
a hydrophobic material. [15]

So far, the most common and successful methods used in the preparation of cellulose 
nanocomposites have been solution casting of a dilute suspension of the nanocellulose and 
matrix [22, 36-38], and resin impregnation of dried nanocellulose network [24-26,39]. In the 
solvent casting method the matrix polymer and the nanocellulose must be dispersed in the 
same solvent, and water soluble polymers are favored when using this method. In the resin 
impregnation method the used polymer must be in dissolved state or have a low viscosity to 
ensure good impregnation. The advantage of both solution casting and resin impregnation 
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method is that no specific equipment is needed for the composite preparation, but for 
industrial-scale manufacturing these methods are rather inefficient, and the shape of the 
prepared composites is limited to sheet-like structures. Extrusion compounding would be a
suitable method for larger scale processing; however, extrusion processing of cellulose 
nanocomposites has been studied by only a few authors, especially by Oksman and co-
workers [6, 7, 40, 41]. Obtaining good dispersion of the nanoparticles in the polymer matrix 
without degrading the matrix or the reinforcement has been one of the key problems in melt 
compounding of cellulose nanocomposites. [5, 6]

1.3.3 Properties

The enhancement of the properties of nanocomposites arises from the nanosize of the 
reinforcement (at least one dimension <100 nm), resulting in a large interfacial area between 
the reinforcement and matrix if good dispersion is achieved. In general, the large interface is 
expected to affect the molecular mobility, relaxation behavior and the consequent thermal and 
mechanical properties of the nanocomposite. [42]

Especially in the case of cellulose nanocomposites, the mechanical properties are expected to 
be higher than for composites with micro- or macrosized reinforcements [16]. One reason for 
this is the theoretical value of axial Young’s modulus of crystalline cellulose, 167 GPa [43], 
which is higher than steel and similar to Kevlar, although experimentally determined values 
for Young’s modulus of cellulose crystals have been somewhat lower, between 130 and 143 
GPa [44-46]. Several researchers have also reported improvements in the strength and 
modulus of the polymer with addition of nanocellulose [19, 21, 24, 25, 27]. Other improved 
properties of cellulose nanocomposites with respect to the matrix polymer include better 
thermal properties [33, 38, 47-49], improved coefficient of thermal expansion (CTE) [26, 39, 
50], decreased moisture sensitivity [51-53] and improved barrier properties [54, 55]. Due to 
the small size of the reinforcement, highly transparent composites can also be prepared when 
well-dispersed nanocellulose is used as polymer reinforcement [26, 39, 50].

1.4 Wood as raw material

Wood has had a great importance as a building material for homes, furniture, tools and 
vehicles throughout the history of humankind. Today, wood is used as raw material for a great 
variety of products including construction timber, paper products and sports equipment. 
Wood can be considered nature’s composite material, since it consists of a cellular structure 
of cellulose in a matrix of lignin, hemicelluloses and extractives. There are at least 60,000 
different wood species in the world [56] and, depending on the species and growth conditions, 
variability can be found in the characteristics and quantity of wood constituents and cell 
structure. Wood species are divided into two main classes; namely, softwoods and 
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hardwoods. In botanical terms, softwoods are gymnosperms and mostly conifers, such as pine 
and spruce. Hardwoods are angiosperms, usually broadleaf, deciduous trees such as birch and 
maple. The cell structures of hardwoods and softwoods differ somewhat. In general, 
hardwoods have more complex structure and a larger number of different kinds of cells than 
softwoods. The vertical structure of softwoods consists mainly of long and tapering cells 
called tracheids, which are considered fibers in softwood species. The average length of 
Scandinavian softwood tracheids is 2-4 mm and the average width in the tangential direction
is 0.02-0.04 mm. [57-60]

1.4.1 Structure of wood cell wall

The structure of a wood cell wall is very complex, and it is composed of several layers. The 
typical cell wall structure of a softwood tracheid is shown in Fig. 3. The cell wall consists of 
middle lamella (ML), primary wall (P), and secondary wall (S) with three layers and lumen 
(L) (Fig. 3). These layers have different structures and chemical compositions, but the main 
difference is in their microfibril alignments. Microfibrils are cellulose molecules bundled 
together. [60, 61]

Fig. 3 Cell wall structure of softwood tracheid [62].

The middle lamella (ML) does not actually belong to the cell wall because it separates two 
adjacent fibers/cells from each other. The middle lamella has very high lignin content and it is 
amorphous. Primary wall (P) is the outermost layer of the cell wall of wood fiber. It is a thin 
layer consisting mainly of lignin and pectins. The secondary wall (S) has three layers: S1, S2

and S3. The layers differ from each other on different microfibril alignments and 
compositions. S1 is a thin and lignin-rich outer layer, S2 is a thick middle layer and S3 is a thin 
inner layer. The S2 layer of softwood tracheid is technically the most valuable because of its 
high cellulose content. The inner layer of the secondary wall, S3, is also called the tertiary 
wall (T), and it consists mainly of hemicelluloses. In the middle of softwood tracheid there is 
a canal called lumen (L). [57, 60, 61]
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The microfibrils in the wood cell wall consist of even smaller components, sometimes called 
elementary fibrils in the terms of plant physiology. Elementary fibrils are bundles of cellulose 
molecules, and their diameter is approximately 3.5 nm. Cellulose molecules can be arranged 
or non-arranged forming crystalline and non-crystalline amorphous regions within the fibrils. 
The crystalline regions are stronger and it is more difficult for solvents or reagents to 
penetrate into them. A schematic description of the structure of a wood cell wall is shown in 
Fig. 4. When the microfibrils or elementary fibrils are separated from the wood cell wall they
are called cellulose nanofibers. Basically, an elementary fibril can be considered a single 
cellulose nanofiber. [60, 61, 63, 64]

Fig. 4 Schematic description of the structure of a wood cell wall.

1.4.2 Chemical composition

The main components of wood are cellulose, hemicelluloses, lignin and extractives. The 
amounts of each of these components in softwoods and hardwoods are presented in Table 1. 
Cellulose is the most important substance in wood because it determines the character of the 
fiber. The chemical formula of cellulose is (C6H10O5)n, in which n is the number of repeating 
sugar units or the degree of polymerization, DP. The repeating unit in cellulose consists of 
two glucose molecules, also called the cellobiose unit. The DP varies depending on the 
cellulose source and the treatments it has received. For native cellulose the DP is around 
3500, and for most papermaking fibers the DP is between 600 and 1500. The properties of 
cellulose-containing materials depend strongly on the DP of cellulose molecules. [60]
Hemicelluloses are branched heterogeneous polysaccharides consisting of five different 
sugars: glucose, mannose, galactose, xylose and arabinose.  Hemicelluloses have lower 
molecular weight than cellulose, and they have lower DP [57]. Hemicelluloses degrade and 
dissolve more easily than cellulose, and their amount in pulp is always less than in the 
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original wood. Besides cellulose and hemicelluloses, wood contains lignin and extractives. 
Lignin is an amorphous and highly polymerized substance with a very complex structure. The 
primary purpose of lignin is to form the middle lamella and glue the fibers together. In 
addition, different kinds of substances, e.g. resin acids, fatty acids, turpenoid compounds and 
alcohols, are present in wood. These substances are typically called extractives, contributing 
to wood properties such as color, odor, taste, decay resistance, density, hygroscopicity and 
flammability. The name “extractives” comes from the fact that these substances can be 
removed from the wood by extraction with solvents. [60, 65]

Table 1 Chemical components of wood [60].
Component Softwood Hardwood

Cellulose 42 ± 2% 45 ± 2 %

Hemicelluloses 27 ± 2 % 30 ± 5 %

Lignin 28 ± 2 % 20 ± 4 %

Extractives 3± 2 % 5± 3 %

1.4.3 Isolation processes of fibers and nanofibers

1.4.3.1 Wood fibers

In the papermaking industry, pulping methods are used to separate individual fibers from 
wood. The pulping processes can be mechanical, chemical or combinations of chemical and 
mechanical treatments. The principle in mechanical pulping is to bring wood raw material 
into a cyclic oscillating stress field to break down the raw material and to separate individual 
fibers. The main mechanical pulping processes are the stone groundwood process (GW), the
pressure groundwood process (PGW), thermo-mechanical pulping (TMP) and chemi-thermo-
mechanical pulping (CTMP). In the groundwood process pulp is produced by pressing wood 
blocks against a rotating stone surface. In the TMP and CTMP process the defibration occurs 
in a refiner consisting of two parallel discs separated by a narrow gap. The surfaces of the 
discs are grooved, and either one or both of the discs rotate (opposite directions) during the 
refining. The wood mass is gradually broken down into smaller particles as it moves from 
middle of the refiner disc to towards the edges. [60, 66]

When producing fibers mechanically from wood it is very important that the polymeric wood 
material is softened before mechanical treatment. Because wood is a polymer composite with 
viscoelastic behavior its response to mechanical treatment depends on the temperature, 
moisture and time under load. Thus, the glass transition temperatures (Tg) of wood polymers 
(cellulose, hemicelluloses and lignin) are very important from a fiber separation point of view. 
Lignin, especially, has a major influence on the wood behavior in mechanical fiber separation.
As Fig. 5 shows, moisture content has an effect on the softening temperatures of wood 
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polymers. In dry conditions the softening temperature (Tg) of lignin and hemicelluloses is 
between 180 and 220°C. In water-saturated conditions the softening temperature (Tg) of 
hemicelluloses and amorphous cellulose is close to 20°C, and for water-saturated isolated 
lignin the Tg is between 80°C and 90°C. The softening temperature of lignin as a part of wood
matrix is typically from 100°C to 130°C. Therefore, lignin softening is the critical factor in 
mechanical separation of wood fibers. If lignin remains stiff, the fracture between the fibers 
occurs in an uncontrollable way, and more broken fibers are formed. For practicality, the 
wood for mechanical fiber separation processes should have sufficient moisture content, and 
the temperature should be above the lignin glass transition temperature. Chemical treatments 
can also be used to soften the wood and to reduce the energy needed in fiber separation. Due 
to the viscoelastic nature of wood, increasing the frequency of the mechanical action also 
increases the softening temperature of wood polymers. [66]

Fig. 5 Influence of moisture content on the softening temperature of wood [67].

When undamaged fibers are wanted, chemical pulping processes are used. The aim in 
chemical pulping is to remove lignin and maintain cellulose and hemicelluloses in the fibers. 
However, in practice, some of the hemicelluloses and celluloses are also dissolved, and thus 
the yield of chemical pulping is lower when compared to mechanical pulping. The yield is 
usually between 40% and 50% of the original raw material. The main methods used in 
chemical pulping are the kraft (alkaline) process and the sulphite (acidic) process, the kraft 
process being more popular due to the recovery of chemicals and better pulp strength 
properties. [60]
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1.4.3.2 Cellulose nanofibers

The separation process of cellulose nanofibers from wood raw material is usually a 
combination of mechanical and chemical (or enzymatic) treatments. The isolation of cellulose 
nanofibers from the original cellulose fiber, also known as the nanofibrillation step, is usually 
done using mechanical treatment. Prior to mechanical treatment, chemical treatments are used 
to remove lignin and other substances besides cellulose from the fibers. If the raw material is 
already in the form of purified cellulose (e.g. kraft pulp), further chemical pre-treatments are 
not necessary.

The methods most commonly used in the nanofibrillation of cellulose are ultra-fine grinding
and high-pressure homogenization. In the ultra-fine grinding, refiner-type equipment is used 
in which the dilute fiber suspension is forced through a narrow gap between a rotary and a 
stator disk. The grinder disks are made of ceramic materials, and they have a special surface 
pattern which makes the fibers disintegrate due to repeated cyclic stresses. The disks can be 
produced with different grit classes and groove configurations to produce very fine particles, 
and by adjusting the clearance between the disks, ultra-fine grinding conditions can be 
obtained. High-pressure homogenization was the method which was used in the first 
publications about separation of cellulose nanofibers from wood pulp in 1983 [68, 69]. In this 
method, the raw material is defibrillated into nanofibers using rapid pressure drops and high 
shear and impact forces against a valve and an impact ring [15]. In another type of 
homogenization method, microfluidization, the raw material suspension is exposed to high 
shearing stresses in the interaction chambers of the equipment, which can have either y- or z-
type geometry [70]. Due to high velocity created by pressure, the fibers are disintegrated by 
shear forces and impact against the chamber walls and colliding streams [16, 71].

Often, several passes and a combination of different methods are needed to obtain cellulose 
nanofibers with uniform size distribution. Therefore, the major problem in the mechanical 
disintegration of cellulose nanofibers is the high energy consumption. For this reason, many 
researchers are currently studying ways to reduce the amount of energy used in the 
nanofibrillation of cellulose. For example, combinations of enzymatic and/or chemical 
treatments with mechanical treatments have been shown to be useful ways to reduce energy 
use in the nanofibrillation process [72, 73]. However, it should be noted that the use of
chemicals and/or enzymes also increases the cost of cellulose nanofibers, and the treatment 
used may have a negative effect on the properties of nanocellulose.
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1.5 Objectives

The objective of this work has been to study defibration/fibrillation of wood-based raw 
materials and processing of wood-based biocomposites using a twin-screw extruder.

In the first part of this work (Papers I, II and III) the aim was to study the use of wood chips 
as raw material in wood-plastic composites and the separation of individual fibers with higher 
aspect ratios from the wood chips in order to enhance the strength properties of the 
composites during the composite compounding process in a twin-screw extruder. 

The aim of the second part of this work (Papers IV and V) was to study the extrusion 
processing of green cellulose nanocomposites using thermoplastic starch as the matrix and 
cellulose nanofibers with high water content as the reinforcement. In order to reduce the cost 
of produced nanocomposites, the use of twin-screw extrusion to isolate micro/nanofibers from
of cellulose fibers during the extrusion compounding of TPS/CNF composites was also
studied.
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2 Experimental procedure

2.1 Materials

In the first part of the study, the used wood raw materials were spruce pin chips and pre-
crushed spruce chips (Picea abies). Polypropylene (PP), in a powder form, was used as matrix
polymer and was supplied by Borealis Polyolefins, Austria. The melt flow index (MFI) of the 
used PP was measured to 16 g/10 min (200°C/2.16 kg). Maleic anhydride grafted 
polypropylene Epolene E-43 (MAPP) supplied by Eastman Chemical Company (USA) was 
used as coupling agent to improve the interaction between the wood and PP. A lubricant 
(TPW 113, supplied by Struktol, USA) was used as processing aid and an antioxidant agent
received from Borealis Polyolefins (Austria) was used as stabilizer. Chemical pre-treatment of 
the wood chips was done using sodium sulfite (Na2SO3, Merck KGaA, Germany).

In the second part of the study, softwood wood flour supplied by Scandinavian Wood Fiber 
AB, (Orsa, Sweden) with a particle size range of 200-400 µm was used as a starting material 
for preparation of cellulose nanofibers and bleached cellulose fibers. Never-dried bleached 
hardwood kraft pulp (Betula pendula) was used to prepare the TEMPO-oxidized cellulose 
fibers. The matrix polymer was potato starch, ELIANETM 100 supplied by AVEBE, 
Netherlands, with high amylopectin content (>99%). D-Sorbitol (Merck, Germany) was used 
as plasticizer for starch, and stearic acid (VWR, Leuven, Belgium) was used as a lubricant.

2.1.1 Raw material pre-treatments

Sulfonation pre-treatment

To soften the wood raw materials (spruce chips and pre-crushed spruce chips) chemically, 
sodium sulfite (Na2SO3) was used in the chemical pretreatment. The wood raw material was 
diluted to 10% consistency and 5% sodium sulphite (based on the total mass of the mixture) 
was used in the treatment. The pre-treatment was done at 90°C and at pH 9 for 210 minutes.
After the pre-treatment, wood chips were washed with water.

Preparation of cellulose nanofibers

The softwood flour was delignified using acidified sodium chlorite solution using the Jayme-
Wise method following the procedures of Abe et al. 2007 [74], Iwamoto et al. 2008 [75] and 
Gong et al. 2011 [76]. 250 g of wood flour (dry mass) was treated in a flask containing 3500 
mL deionized water with 5 mL acetic acid and 33.5 g of sodium chlorite at 70-75°C. 
Additions of acetic acid and sodium chlorite were continued at 2-hour intervals until the wood 
became white (11 additions). The wood was washed twice during the treatment and at the end 
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with a minimum of 60L of deionized water. Before washing, the wood was left in the 
acidified chlorite solution for 12h at 70-75°C. The total treatment time of the wood flour in 
acidified chlorite solution was 58h. To obtain cellulose nanofibers (CNF), a 3 wt% suspension 
was prepared from the delignified wood flour and deionized water, dispersed homogenously 
using a laboratory shear mixer (Silverson L4RT, Silverson Machine Ltd., England), and 
passed twice through an ultrafine grinder MKCA6-3 (Masuko Sangyo Co, Ltd., Japan), at a 
rotational speed of 1440 rpm. The total grinding time was 16 minutes. After grinding, the dry 
matter content of the CNF suspension was increased by centrifuging.

Preparation of the TEMPO-oxidized cellulose

The TEMPO-mediated oxidation was performed under alkaline conditions according to the 
procedure described by Saito et al. 2006 [72] and 2007 [77]. A 50 g cellulose sample was 
diluted to 1% consistency and 0.1 mmol/g of TEMPO and 1 mmol/g of NaBr were added to 
the suspension. The reaction was started by adding 10% NaClO solution, and the pH was 
adjusted to 10-10.5 and maintained at this level with 0.5 M NaOH during the oxidation. The 
total amount of NaClO used was 10 mmol/g. The reaction was finished after 5.5 hours and the 
oxidized sample was washed with deionized water until the conductance of the filtrate 
reached a value under 10 µC/cm. The carboxyl content of the oxidized samples was 
determined using conductometric titration in duplicate [78, 79].

2.2 Extrusion

A co-rotating twin-screw extruder with twin-screw side feeder, Coperion W&P ZSK-18 
MEGALab (Stuttgart, Germany) equipped with K-Tron gravimetric feeders (Niederlenz,
Switzerland), two atmospheric vents and a vacuum vent was used in the experiments (Fig. 6).
The screw shafts (Fig. 7) in the Coperion W&P ZSK-18 MEGALab twin-screw extruder have 
an elemental structure and the screw configurations can therefore be varied.
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Fig. 6 Co-rotating twin-screw extruder, Coperion W&P ZSK-18 MEGALab [80].

Fig. 7 The screw shafts of Coperion W&P ZSK-18 MEGALab co-rotating twin-screw 
extruder.

2.3 Characterization

2.3.1 Fractionation

The fractionation method was used in papers I, II and III to divide the wood particle samples 
into different size categories and to obtain images of the samples for the image analysis. The 
fractionation was done either by using a tube flow fractionator (Metso Automation, Kajaani, 
Finland) or a Bauer McNett classifier. Tube flow fractionation is a method in which the 
sample (in water suspension) is injected into a continuous plug flow of water, which then 
enters a long plastic tube. As the sample flows in the tube it is fractionated by size. The 
fractionation device is equipped with a CCD camera, which records approximately 600 
images of the sample during the analysis. The basic principle of the device is presented in Fig. 
8. Tube flow fractionation is typically used in the analysis of wood pulp samples for 
papermaking purposes.
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Fig. 8 Schematic description of the tube flow fractionator [81].

2.3.2 Image analysis

The length and width of the wood particles were measured using an optical fiber analyzer 
FiberLab (Metso Automation, Kajaani, Finland) and image analysis software kajaaniIMG 
(Metso Automation, Kajaani, Finland). The average length (length weighted) and average
width measurements were then used to calculate the aspect ratio of the wood particles and 
fibers. The images captured by the tube flow fractionator were used in the kajaaniIMG image 
analysis. In brief, the kajaaniIMG software uses several image analysis algorithms to measure 
the properties of the objects (particles, fines and fibers) in the captured images. A projection 
area is determined for each object and, based on the shape of the object, parameters such as 
length and width are decided.

2.3.3 Microscopy

Optical microscopy, scanning electron microscopy (SEM, FESEM) and transmission electron
(TEM) microscopy were used to study the morphology and microstructure of the wood 
particles, fibers and nanofibers as well as the fracture surfaces of the composites. Optical 
microscopy was also used to visually examine the dispersion and size of cellulose fibers in the 
thermoplastic starch films (paper V). The fracture surfaces were created by first freezing the 
specimen under liquid nitrogen and then breaking it. A SEM image of a fracture surface is 
shown in Fig. 9. The wood particle samples were freeze-dried before microscopy. The 
samples for scanning electron microscopy were sputter-coated with platinum or gold before 
observation.
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Fig. 9 Fracture surface of a wood chip-polypropylene composite.

2.3.4 Mechanical testing

Mechanical properties of the composites were measured using flexural (papers II-III), impact
(paper III) and tensile testing (papers IV and V). Flexural testing was performed according to 
ASTM D790 standard and with a Shimadzu Autograph AG-X universal testing machine
(Shimadzu Corp, Kyoto, Japan). A falling weight impact test was done with a Dynatup 
Minitower (Instron, UK) falling weight impact testing machine and according to ASTM 
D3763 standard. Tensile testing was done using an Instron 4411 tensile testing machine. In 
Fig. 10 a typical stress-strain curve obtained from tensile testing is shown.

Fig. 10 Stress-strain curve for thermoplastic starch reinforced with 10 wt% of cellulose 
nanofibers.
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2.3.5 Density

The density of the wood-plastic composites was measured using either gas displacement 
technique (AccuPyc 1330, Micromeritics Instrument Corp, USA, paper II) or the water 
displacement method according to ASTM D792 standard (test method A, paper III).

2.3.6 Transparency

The light transmittance (T %) of the composite films (papers IV and V) was measured using a
UV/Vis spectrometer Lambda 2S (Perkin Elmer, Überlingen, Germany) in a light wavelength 
area from 300 to 1000 nm. A typical light transmittance curve obtained from UV/Vis 
spectroscopy is shown in Fig. 11.

Fig. 11 Light transmittance of thermoplastic starch composite film reinforced with 10wt% 
of cellulose nanofibers.

2.3.7 Moisture absorption

The moisture absorption of the composite films (Papers IV and V) was studied according to 
the ASTM D 5229 standard by exposing the samples to 98% relative humidity and 
determining the water uptake as a function of time until the moisture equilibrium content was 
reached.
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3 Summary of appended papers

Paper I: The use of twin-screw extrusion in processing of wood: The effect of 
processing parameters and pretreatment

In Paper I the effect of extrusion parameters on different types of wood raw materials was 
studied. The aim was to produce wood particles with as high aspect ratio as possible. The 
study consisted of two parts:  1) the breaking and separation of individual fibers from wood
chips during the extrusion process, and 2) the effect of chemical pre-treatment and reversed 
screw elements (RSE) on pre-crushed wood raw material. This study showed that a twin-
screw extruder can be used to separate individual fibers from wood chips, and the separated 
fibers have higher aspect ratios than the wood flour particles typically used in wood-plastic
composites. When more fibrous and chemically softened wood raw material was used, fibers
with even higher aspect ratios were obtained. According to the statistical analysis, the screw 
speed was the main factor affecting wood fiber aspect ratio in twin-screw extrusion of wood 
chips. It was also observed that the screw configuration can affect the fiber properties and the 
reverse screw elements reduced the shive content in the samples.

Paper II: Processing of Wood Chip-Plastic Composites: Effect on Wood Particle Size, 
Microstructure and Mechanical Properties

In Paper II wood chip-polypropylene composites were manufactured using twin-screw 
extrusion. The aim was to study the effect of the extrusion process on wood chip aspect ratio 
and to measure the mechanical properties of the prepared composite materials. Two different 
compounding methods were used in manufacturing the composites, and dried and undried 
wood chips were used as wood raw materials. The results showed that both the processing 
method and the wood chips’ moisture content had an effect on the wood particle size and 
aspect ratio. Individual fibers and wood particles with high aspect ratio could be separated 
from the wood particles when wet wood chips were used as raw material. When dried wood 
chips were used, the particle size was significantly reduced, but wood remained in particulate 
form. The composites manufactured with dry wood chips had slightly better flexural 
properties compared to composites manufactured with wet wood chips, despite the fact that 
the aspect ratio of wood particles in wet wood chip composites was higher. In general, this 
study showed that it is possible to use undried wood chips as raw material for WPCs, and thus 
reduce the cost of wood raw material.
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Paper III: The effect of pre-softened wood chips on wood fibre aspect ratio and 
mechanical properties of wood-polymer composites

In Paper III chemically pre-treated wood chips were used as raw material for wood-
polypropylene composites. The aim was to study the effect of the pre-treatment and moisture 
content of wood chips on the wood particle aspect ratio after extrusion and the mechanical 
properties of the composites. The results showed that chemical pre-treatment with sodium 
sulfite improved the composites’ mechanical properties and that the wood particle aspect ratio 
was increased in the extrusion process when chemically pre-treated wood chips were used.
Combination of pre-treated, undried wood chips resulted in the highest wood particle aspect 
ratio and the highest flexural strength and impact properties of the composites. As in Paper II, 
the flexural modulus of the composites decreased when undried wood chips were used as raw 
material. In general, aspect ratios were considerably higher when using undried wood chips as 
raw material instead of dried wood chips. Overall, the study shows that the defibration of 
wood chips in a twin-screw extruder can be enhanced by using a simple chemical pre-
treatment, and that wood chips can be used as raw material in the production of wood-plastic 
composites.

Paper IV: Bionanocomposites of thermoplastic starch and cellulose nanofibers 
manufactured using twin-screw extrusion

In Paper IV the processing and properties of green nanocomposites of thermoplastic starch 
and cellulose nanofibers (CNF) were studied. The aim was to determine if CNF gels with high 
water content together with starch and plasticizer can be processed into nanocomposites using 
continuous twin-screw extrusion. Nanocomposites with 0, 5, 10, 15 and 20 wt% cellulose
nanofiber content were successfully compounded using extrusion, and the properties of the 
composites were measured. The microscopy showed that the CNF aggregated during the 
processing, indicating that the screw configuration should be more distributive and dispersive 
to obtain a more homogeneous material. Despite the aggregation of CNF, the tensile strength 
and modulus of the starch matrix were improved, and the moisture sensitivity was reduced 
with the addition of cellulose nanofibers. Also, the translucency of the films was maintained,
even with 20 wt% of CNF content. The tensile modulus increased linearly with the increasing 
nanofiber content, but the strength properties were highest for the material with 10 wt% of 
cellulose nanofibers. 



23

Paper V: One-step extrusion process of green biocomposites: compounding, fibrillation 
and dispersion

In Paper V the aim was to study if the twin-screw extrusion process can be used to fibrillate 
cellulose fibers into micro- or nanosize fibers and at the same time prepare green 
bionanocomposites of thermoplastic starch with 10 wt% fiber content. The effect of the 
processing set-up on micro/nanofibrillation and fiber dispersion and distribution in starch was 
studied. Two different types of cellulose fibers were used in the composite preparation;
namely, bleached wood fibers and TEMPO-oxidized cellulose fibers, in order to examine the 
effect of fiber treatment on the fibrillation efficiency. A composite with cellulose nanofibers 
was also prepared to examine the nanofiber distribution and dispersion in the composite as 
well as to compare the properties with the composites containing bleached fibers and 
TEMPO-oxidized fibers. The study showed that the shear forces in a twin-screw extruder 
were not enough to nanofibrillate cellulose fibers, though the size of the TEMPO-oxidized 
fibers was affected by the extrusion process more than the bleached wood fibers. Overall, the 
dispersion of the fibers in the thermoplastic starch matrix was good. The transparency of the 
composites with bleached wood fibers and TEMPO-oxidized fibers was lower than that of the 
composite reinforced with cellulose nanofibers. The mechanical properties of thermoplastic 
starch were improved by the addition of cellulose fibers, as expected. However, there were no 
significant differences in the mechanical properties and moisture uptake of the composite 
materials reinforced with cellulose nanofibers, bleached wood fibers or TEMPO-oxidized 
fibers.
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4 Conclusions

This study shows that reduction of wood raw material particle size during the extrusion 
compounding of biocomposite materials is possible when using suitable processing conditions 
and, therefore, it is possible to use cheaper raw materials as reinforcement in the production of 
wood-based biocomposites.

In the first part of the work, wood-plastic composites (WPCs) were prepared using wood 
chips as wood raw material. The results show that it is possible to obtain wood particles with 
higher aspect ratios than the wood flour particles typically used in wood-plastic composites
by separating wood particles and fibers from wood chips in the twin-screw extrusion process. 
When undried wood chips are used as raw material, individual fibers and wood particles with 
high aspect ratio can be separated, thereby obtaining composites with similar stiffness values 
as with WPCs made using wood flour and thereby decreasing the raw material cost for the 
final product. If the bound moisture from the undried wood chips could be removed during 
the process, it might be possible to improve the composites’ mechanical properties even 
further.

In the second part of the work processing of green cellulose nanocomposites using twin-screw 
extrusion was studied. The results show that extrusion processing of cellulose nanocomposites 
using cellulose nanofibers (CNF) with high water content as the reinforcement is possible, 
and that the preparation of thermoplastic starch (TPS) and compounding of the TPS/CNF 
composites can be done in one extrusion step. Study of the effect of twin-screw extrusion on 
separating even smaller components from wood pulp, micro- or nanofibers, during the 
composite compounding step showed that the amount of shear forces generated was not 
enough to obtain micro- or nanofibers from cellulose fibers. Study showed, however, that 
good dispersion and distribution of the fibers could be obtained in twin-screw extrusion under 
suitable processing conditions.

5 Future work

As environmental awareness is increasing and more environmentally friendly materials are 
developed to replace the non-sustainable materials, more focus should be placed on the 
processing of these materials using energy-efficient methods. In general, it can be said that
more studies about extrusion processing of biocomposite materials are needed to increase the 
scientific knowledge concerning these materials and their commercial potential.

Regarding the first part of this work, more efficient removal of moisture from the undried raw 
material during extrusion would be a significant improvement. As proper softening of the 
wood raw material is essential for separation of wood particles and fibers with a higher aspect 
ratio, pre-softening of wood raw material to greater extent would be interesting. In the case of 
cellulose nanocomposites, more effort should be devoted to the processing of composites 
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using industrially viable ways. Finding a way to obtain good dispersion of nanocellulose in 
the matrix polymer in extrusion compounding of nanocomposites would be especially 
important. Using suitable chemical pre-treatments under the appropriate processing 
conditions, nanofibrillation of cellulose could also be possible, and this would be an 
extremely interesting subject for future work.
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In this study the effect of processing parameters on different types of 
wood raw material in extrusion was examined. The study consisted of 
two parts: the first part was to break and separate individual fibers from 
wood chips during the extrusion process; in the second part the effect of 
chemical pre-treatment and screw elements on wood raw material was 
evaluated. Statistical analysis was performed to evaluate the most 
important factors affecting wood particle size in extrusion. The statistical 
analysis showed that the screw speed is the main factor affecting wood 
fiber length in twin-screw extrusion of wood chips. This study showed 
that a twin-screw extruder can be used to separate individual fibers from 
wood chips, and the separated fibers have higher aspect ratios than the 
wood flour particles typically used in wood-polymer composites. When 
more fibrous and chemically softened wood raw material was used, 
fibers with even higher aspect ratios were obtained. 
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INTRODUCTION
 
 Wood-polymer composites (WPC) are typically described as materials that 
combine the properties of wood and thermoplastic materials. The biggest market for 
WPCs at the moment is outdoor building materials, but automotive parts and furniture are 
also manufactured from WPCs (Clemons 2002). When compared with inorganic and 
synthetic fillers and reinforcements traditionally used in polymer composites, wood is 
considered a low-cost and more environmentally friendly raw material.  
 Most of the commercially manufactured WPCs today are made by compounding 
wood flour consisting of small wood particles with polyolefin polymer, e.g. polyethylene 
or polypropylene as matrix (Caulfield et al. 2005). Wood flour is produced from the 
wood residue of various wood processors by size reduction with different kinds of mills 
and size classification of the pulverized wood by screening (Clemons and Caulfield 
2005). The particles in wood flour actually consist of fiber bundles, not individual fibers, 
and therefore the aspect ratio (length-to-diameter ratio) of wood flour is quite low, 
typically between 1 and 5 (Clemons 2008). Because of the low aspect ratio the 
reinforcing potential of wood flour is limited, and wood flour acts mainly as filler 
material in composites. The aspect ratio of a softwood fiber, for example, can be 100 
(Smook 1999) and earlier studies have shown that wood fibers with a higher aspect ratio 
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have better reinforcing capability in wood-polymer composites (Stark 1999; Stark and 
Rowlands 2003). However, fibers are seldom used in manufacturing of commercial 
WPCs because feeding and metering of low-bulk-density fibers is difficult and they are 
also more expensive than wood flour (Caulfield et al. 2005; Clemons and Caulfield 
2005). Problems with poor dispersion of longer wood fibers in composites have also been 
reported (Klason et al. 1984; Rozman et al. 1998).  
 WPC research has strongly concentrated on enhancing the interfacial adhesion 
between the wood and polymer (Dalväg et al. 1985; Maldas et al. 1989; Raj et al. 1989; 
Felix and Gatenholm 1991; Coutinho et al. 1997; Ichazo et al. 2001), and the effect on 
wood characteristics is less frequently reported. The effect of wood particle size and 
aspect ratio on composite properties has been studied to some extent (Stark and Berger 
1997; Stark and Rowlands 2003; Bledzki and Faruk 2003; Chen et al. 2006; Migneault et 
al. 2009; Bouafif et al. 2009), but only a few studies can be found where the effect of 
extrusion compounding on the dimensional properties of wood fibers and particles is 
examined (Bledzki et al. 2005; Le Baillif and Oksman 2009; Bouafif et al. 2010; Schirp 
and Stender 2010), even though twin-screw extrusion is one of the main processing 
methods used in the manufacture of WPC.  
 In twin-screw extrusion the material is subjected to shear forces, and the amount 
of shear force depends greatly on the used screw configuration. Shear forces could also 
be used to reduce the particle size and to separate fibers with a higher aspect ratio from 
the wood particles if suitable processing conditions can be found. Thus, the wood raw 
material would not need as much pre-processing as the commonly used wood flour 
requires before it can be compounded with plastic in an extruder. If larger, undried wood 
particles can be used as raw material in WPCs, use of cheaper wood residues in 
composite manufacturing without pre-processing could be possible.  
 In the current study the effect of extrusion parameters on different types of wood 
raw material was investigated. The study was made as a preliminary study with the goal 
of using wood chips as raw material in one-step extrusion of WPCs. If wood processing 
can be done in the same step as the compounding of WPC, then energy-consuming 
processing steps could be omitted from the composite manufacturing process. The main 
goal in this work was to produce wood particles/fibers with as high aspect ratio as 
possible. Basically, the study consisted of two parts. In the first part, the possibility to 
break down and separate individual fibers from wood chips in a co-rotating twin-screw 
extruder was examined. Statistical analysis was performed to evaluate the most important 
factors affecting wood particle size in extrusion. The effects of raw material moisture 
content, screw configuration, and screw speed on the aspect ratio of wood particles were 
evaluated using multiple linear regression analysis. In the second part of the study the 
effect of chemical raw material pre-treatment and reverse screw elements (RSE) on more 
fibrous wood raw material was evaluated. 
 The dimensional properties of the extruded wood fibers and particles were 
measured using optical fiber analysis. Scanning electron microscopy was also used to 
study the morphology of the samples. To avoid laborious matrix removal, all the 
experiments were carried out without addition of matrix polymer in the extruder. 
Therefore the extrusion conditions used in the study were more severe for the wood raw 
material than they would be with addition of polymer.     
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EXPERIMENTAL 
 
Materials 
 Spruce (Picea abies) wood chips (Fig. 1a) from Finland were used as raw material 
in the first part of the study. The average wood particle size was of 16.2 mm × 3.3 mm. 
Wood chip particle size was determined by measuring the length and the width of 100 
particles manually. Wood chips were stored frozen until use. Both untreated (defrosted) 
wood chips and wood chips pre-treated in boiling water for 4 minutes immediately before 
extrusion were used. The purpose of the pre-treatment was to soften the wood chips and 
thus avoid crushing them into small particles, thereby facilitating the separation of 
individual fibers. The initial dry matter content (before freezing) of the wood chips was 
ca. 51 wt%. After defrosting, the dry matter content of the non-treated wood chips was 57 
wt%, and the dry matter content of the pre-treated wood chips was 30 to 35 wt%.  
 In the second part of the study mechanically pre-crushed spruce (Picea abies, 
from Finland) (Fig. 1b) was used as a raw material. This raw material was more fibrous 
than wood chips. The pre-crushed spruce was used as such (untreated) and as chemically 
pre-treated. The pre-treatment, a mild sulphonation was performed to achieve more 
softened raw material. The sulphonation was done at 90°C and at pH 9 for 210 minutes. 
The raw material was diluted to 10% consistency and 5% sodium sulphite, Na2SO3, was 
used in the treatment. The dry matter content of the untreated, pre-crushed spruce 
(referred as PC-U) was 46.3 wt%, and the dry matter content of sulphonated pre-crushed 
spruce (referred as PC-S) was 36.3 wt%. 
 

 

Fig. 1. a) Spruce wood chips used in this study; b) Pre-crushed spruce used in this study

 
Extrusion
 A co-rotating twin-screw extruder (Coperion W&P ZSK-18 MEGALab, Stuttgart, 
Germany) without the extrusion die was used in the experiments. The screw length to 
diameter ratio (L/D) of the extruder was 40 with a screw diameter of 18 mm. The 
extruder consisted of seven (7) zones, and wood was fed into the first zone. Feeding of 
the wood chips was done manually, since the feeding equipment was not suitable for the 
materials used in the study. The extruder screws were fed as full as possible to maintain 
the filling degree as consistent as possible in all experiments. 



 

PEER-REVIEWED ARTICLE bioresources.com

 
Hietala et al. (2011). “Extruder effects on wood,” BioResources 6(4), 4615-4625.  4618 

 The extruder screws had an elemental structure, and the screw elements used in 
this study were conveying elements, two types of kneading elements, and reverse screw 
elements. Conveying elements are used to take the material into the extruder and 
transport it downstream through the processing sections. Kneading elements are typically 
used for melting, dispersion, and mixing processes. Kneading elements with wide discs 
have a dispersive mixing effect while narrow kneading discs are more distributive. The 
reverse screw elements are conveying the material in the contrary direction and will resist 
the material flow effectively (Sämann 2008). 
 
Screening of the important factors 
 The aim of the first part of this study was to determine the most important factors 
affecting wood aspect ratio in a co-rotating twin-screw extruder. MODDE 8 (Umetrics) 
statistical software and multiple linear regression analysis (MLR) were used to analyze 
the experimental data. A confidence level of 95% was used in the regression analysis.  
The experiments were performed according to a non-replicated 23 full-factorial design 
with three centre points. The total number of experimental runs was 11, and they were 
performed in randomized order. Experimental design is presented in Table 1. The factors 
studied were 1) rotational speed of the screws, 2) screw configuration, and 3) raw 
material treatment. The aspect ratio of wood particles after extrusion was used as a 
response. 

Table 1. Experimental Design 
Exp. no. Run order Raw material Speed Configuration* 

1 11 non-treated 100 rpm A 
2 2 non-treated 500 rpm A 
3 10 non-treated 100 rpm B 
4 3 non-treated 500 rpm B 
5 1 pre-treated 100 rpm A 
6 6 pre-treated 500 rpm A 
7 8 pre-treated 100 rpm B 
8 4 pre-treated 500 rpm B 
9 5 non-treated 300 rpm A 
10 7 non-treated 300 rpm A 
11 9 non-treated 300 rpm A 

*A: screw configuration with WKE, B: screw configuration with WKE and RSE. 
 
 The rotational speeds used were 100, 300, and 500 rpm. The speed 300 rpm 
functioned as a centre point in the design. The rotational speeds were chosen as extreme 
as possible, but there were some limitations when selecting suitable levels. 100 rpm was 
chosen as the lowest rotational speed to keep the processing times reasonable, and 500 
rpm was chosen as highest rotational speed to avoid exceeding the maximum motor load 
when using the screw configuration with reverse screw element. The two different screw 
configurations used are presented in Fig. 2. Configuration A consisted of conveying 
elements and one wide kneading element (WKE), and configuration B consisted of 
conveying elements with one wide kneading element (WKE) followed by reverse screw 
element (RSE). The screw elements were chosen so that configuration A would be 
gentler than B. Pre-runs made with different screw configurations also showed that using 
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of wide kneading element in front of RSE was necessary to avoid motor overload of the 
extruder when using wood chips as raw material. The raw material used was either non-
treated or pre-treated wood chips. To avoid excessive drying or burning of the wood in 
the extruder, the barrel temperature was set to 80°C in all experimental runs. 
 
   

 
Fig. 2. Screw configurations A and B. WKE = wide kneading element; RSE = reverse screw 
element
 
Effect of raw material and screw configuration 
 Because the pre-treatment of the wood chips in the first part of the study did not 
increase the wood fiber aspect ratio, it was decided to use a more fibrous raw material 
with and without chemical pre-treatment in the second part of the study. Due to the 
change in raw material, reverse screw elements, RSE, could now be used as the first 
screw element. Three different screw configurations were used in the experiments (Fig. 
3). Configuration C had one reverse screw element (RSE), configuration D had two 
RSEs, and configuration E had two RSEs with a thin kneading element between them 
(TKE) in addition to conveying elements (Fig. 3). The temperature of the extruder barrel 
was set to 70°C to avoid unwanted drying of the raw material. Screw speed in all 
experimental runs was 500 rpm. 500 rpm was chosen based on the results from the first 
part of the study. 
 
 

 
Fig. 3. Screw configurations C, D and E. RSE = reverse screw element, TKE = thin kneading 
element.
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Characterization
 The average fiber length (length weighted) and average fiber width used to 
calculate the aspect ratio (l/d) were measured using a FiberLab optical fiber analyzer 
(Metso Automation, Kajaani, Finland). Morphology of selected samples was studied 
using a field emission scanning electron microscope, FESEM (Zeiss ULTRA Plus, Carl 
Zeiss SMT AG, Jena, Germany) and scanning electron microscope, SEM (Jeol JSM-
6400, Jeol Ltd., Tokyo, Japan). The samples for scanning electron microscopy were 
freeze dried and coated with platinum (FESEM) or gold (SEM) before examination.  
 In the experiments in which wood chips were used as raw material the samples 
were fractionated into four different size categories before measuring the fiber lengths. 
The fractionation was done using a tube flow fractionator (Metso Automation, Kajaani, 
Finland). The purpose of the fractionation was to remove the first fraction containing the 
largest wood particles (shives) from the sample, thereby preventing blockage of the 
FiberLab analyzer. The average fiber lengths were then measured by combining the 
fractions 2, 3 and 4 from the tube flow fractionator into one sample. The tube flow 
fractionation method is described in more detail in the following publications: Krogerus 
et al. (2003) and Laitinen et al. (2006). The shive content of the samples in which wood 
chips were used as raw material were measured according to TAPPI T275 standard 
(Somerville method, 0.10 slots). 
 In addition, a Bauer McNett classifier was used to divide samples into fractions 
R14, R28, R48, and R200 before examination with SEM in the second part of the study. 
The R14 fraction is typically considered as the shive fraction, R28 as the long fiber 
fraction, R48 as the short fiber fraction and R200 as the fines fraction. 
 
 
RESULTS AND DISCUSSION 
 
Screening of the Important Factors 
 The average fiber length (length weighted), fiber width, aspect ratios (l/d) 
calculated from the length and width measurements, as well as the shive contents of the 
samples are presented in Table 2. 
 
Table 2. Average Fiber Length, Average Width, and Aspect Ratio of Samples
Exp. Raw  

material 
Speed, 

rpm 
Screw 

configuration 
Length, 
L(l), mm 

Width, 
m

Aspect ratio,  
l/d

Shives, 
 % 

1 non-treated 100 A 0.65 31.1 20.9 38.5 
2 non-treated 500 A 0.68 31.2 21.8 47.9 
3 non-treated 100 B 0.55 30.6 18.0 6.9 
4 non-treated 500 B 0.68 30.9 22.0 9.3 
5 pre-treated 100 A 0.59 29.9 19.7 33.1 
6 pre-treated 500 A 0.67 29.4 22.8 47.6 
7 pre-treated 100 B 0.55 28.9 19.0 5.4 
8 pre-treated 500 B 0.67 27.8 24.1 13.2 
9 non-treated 300 A 0.64 30.7 20.8 43.7 
10 non-treated 300 A 0.67 30.3 22.1 44.1 
11 non-treated 300 A 0.63 30.5 20.7 46.2 
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Fig. 4. Scaled and centered regression coefficients for aspect ratio before model reduction

 
 The statistically significant factors affecting the aspect ratio of wood raw material 
in twin-screw extrusion were estimated using MODDE 8 statistical software and multiple 
linear regression analysis (MLR). Figure 4 shows the coefficient plot for the aspect ratio 
before reducing the insignificant factors from the model. The insignificant factors were 
removed from the model, and the results from the regression analysis for the reduced 
model are presented in Tables 3 and 4. Table 3 shows the regression coefficients for the 
significant (  = 0.05) factors affecting the aspect ratio of wood raw material in a co-
rotating twin-screw extruder together with the R2, R2(adj.), and Q2 parameters measuring 
the goodness of fit of the model. The values of these parameters presented in Table 3 
indicate that the model fit the data moderately. According to the MLR analysis, screw 
speed (Scr) had the largest effect on aspect ratio, and it was also the only significant 
factor with a 95% confidence level affecting the aspect ratio. The final model for aspect 
ratio can be written as: 
 
 (rpm) speedscrewl/dratio,Aspect 0082.06256.18    (1) 
 
The analysis of variance, ANOVA, for the fitted model is presented in Table 4 showing 
the P-value of 0.399 indicating that there was no lack of fit.  
 

Table 3. The Unscaled regression coefficients for the fitted model for aspect ratio 
Response Constant Scr Con Raw Scr×Con Scr×Raw Con×Raw 

Aspect ratio 18.6256 0.0082 - - - - - 
 R2 =0.704, R2(adj.) =0.671, Q2= 0.536 
 Scr = screw speed, Con = configuration, Raw = raw material treatment. 
 
 From Table 3 it can be seen that the shive content of the samples made using 
configuration B were clearly lower in comparison with samples made with configuration 
A. Therefore it seems that the use of RSE in the screw configuration subjected the 
material to more shear, thus reducing the shive content of the samples. According to the 
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statistical analysis and the results presented in Table 3, the raw material pre-treatment did 
not have much effect either on the aspect ratio or the shive content of the samples. 
Therefore it was thought that the pre-treatment was insufficient. 

Table 4. Analysis of Variance (ANOVA) for the Fitted Model for Aspect Ratio 
Response Source DF SS MS F-value P-value 

Aspect ratio Regression 1 21.45 21.45 21.44 0.001 
 Lack of Fit 7 7.79 1.11 1.82 0.399 
 Residual 9 9.01 1.00   
 Pure Error 2 1.22 0.61   
 Total 11 4919.33 447.21   
 DF = degrees of freedom, SS = sum of squares, MS = mean squares. 

   
 FESEM pictures from experiments No. 2, 4, 6 and 8 are presented in Fig. 5. These 
samples were chosen for the analysis because they had the longest fiber lengths and 
highest aspect ratios according to the analysis. The screw speed in these four experiments 
was 500 rpm. From Fig. 5 it can be seen that the samples in which screw configuration A 
(configuration with wide kneading element, WKE) was used (exp. 2 and 6) contained 
more coarse material (more shives) in comparison with the samples in which the screw 
configuration B was used (exp. 4 and 8). However, only minor differences can be seen 
when comparing the non-treated and pre-treated samples made with same screw 
configurations (exp. 2 and 6, exp. 4 and 8).  
 

 
Fig. 5. Scanning electron microscopy images of experiments No. 2, 4, 6 and 8.

 
 Even though the regression analysis showed that the screw configuration did not 
have a significant effect on aspect ratio and it had only a very small effect on fiber length, 
it was thought that the real effect of screw configuration was not clearly seen in this 
experiment. The wide kneading element, WKE, was used in both screw configurations as 
the first element to avoid motor overload, and it was suspected that the results actually 
show that the reverse screw element (RSE) had a small fiber shortening effect after the 
wood had first gone through the wide kneading element. Thus, it is possible that the 
kneading element was responsible of the extensive fiber shortening. 
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Effect of Raw Material Type and Reverse Screw Elements 
 The results from the average fiber length and fiber width measurements together 
with the calculated aspect ratios are presented in Table 5. In these experiments the pre-
crushed, more fibrous wood raw material was used.  

Table 5. Fiber Properties of the Pre-Crushed Spruce after Extrusion 
Exp. Configuration Length, L(l), 

 mm 
Width, 

m
Aspect ratio, 

l/d
PC-U1 C 1.21     27.3     44.3 
PC-U2 D 0.82     25.0     32.8 
PC-U3 E 0.85     25.5     33.3 
PC-S1 C 1.59     30.0     53.0 
PC-S2 D 1.20     27.9     43.0 
PC-S3 E 1.24     27.8     44.6 

 PC-U = pre-crushed, untreated spruce. PC-S = pre-crushed, sulphonated spruce. 
 
 Based on the results obtained from the first part of this study, three different 
screw configurations were used in the experiments. The highest aspect ratios were 
achieved using screw configuration C (samples PC-U1 and PC-S1) with one reverse 
screw element. The screw configurations with two reverse screw elements (configuration 
D and E) were most likely too harsh; therefore, the aspect ratios were lower in the 
samples made with these. As expected, the sulphonation pre-treatment affected the aspect 
ratio of the extruded fibers positively. This indicates that a proper softening of the wood 
raw material is very important to gain high aspect ratio fibers in extrusion of wood raw 
material. 
 In Fig. 6 the SEM images of R14, R28, R48 and R200 mass fractions of two of 
the samples (PC-U1 and PC-S1) are shown. The samples were divided into fractions to 
achieve a better understanding of the morphology of the fibers. The images in Fig. 6 
show that both of the samples contain individual fibers and only a small amount of 
shives. When comparing the images taken from the different fiber fractions, especially 
R14 fractions of the samples, it seems that PC-U1 contains coarser material than the PC-
S1 sample (Fig. 6). 
 

 
Fig. 6. Scanning electron microscopy images of R14, R28, R48, and R200 fractions of samples 
PC-U1 & PC-S1. PC-U = untreated pre-crushed spruce, PC-S = sulphonated pre-crushed spruce
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CONCLUSIONS 
 
 This study shows that a twin-screw extruder can be used to separate individual 
fibers from wood chips. The separated fibers have clearly higher aspect ratios than the 
wood flour particles typically used in wood-polymer composites. When using more 
fibrous and chemically softened wood raw material, fibers with even higher aspect ratios 
were obtained. According to the statistical analysis, the screw speed was the main factor 
affecting wood fiber aspect ratio in twin-screw extrusion of wood chips. It was also 
observed that the screw configuration can affect the fiber properties and the reverse screw 
elements reduced the shive content in the samples. 
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Processing of wood chip–plastic composites:
effect on wood particle size, microstructure
and mechanical properties

M. Hietala1,2, J. Niinimäki2 and K. Oksman*1

Wood chips were used as raw material in extrusion of wood–plastic composites. Wood–plastic

composites with y50 wt-% wood content were manufactured by using two different compound-

ing methods. Dried and undried wood chips were used to investigate the effect of wood moisture

content on the wood particle size and whether the drying process could be carried out in the

same step. Wood particle properties were measured using optical fibre analysis. Microscopical

methods were used to examine the microstructure of wood particles. Furthermore, the prepared

composites’ mechanical properties were studied. The particle size of wood chips was significantly

reduced during extrusion in both processing methods. The undried wood chips had higher

aspect ratios in comparison with the dried wood chips after extrusion. Despite the higher aspect

ratio, the mechanical properties of composites manufactured with undried wood chips were not

better than the properties of composites with dried wood chips.

Keywords: Wood–plastic composites, Extrusion, Wood particle size, Mechanical properties

This paper is part of a special issue on Manufacturing and Design of Composites

Introduction
Wood–plastic composites (WPCs) are materials which
have a wood-like appearance but can be processed like
plastic materials. When compared to solid wood, WPCs
have better durability and lower maintenance require-
ments. Wood is also considered a low cost and renew-
able material in comparison with inorganic and
synthetic fillers traditionally used in polymer compo-
sites. Currently the biggest market for WPCs is outdoor
building materials, but automotive parts and furniture
are also made from WPCs.1

Wood–plastic composites are manufactured by com-
pounding wood particles with thermoplastic matrix. The
most typical processing methods used to produce WPCs
are extrusion compounding followed by profile extru-
sion or injection moulding. The matrix polymer is
usually a low cost polymer with a processing tempera-
ture below the wood degradation temperature. The most
common matrix polymers in WPCs are polyethylene,
polypropylene (PP) and polyvinyl chloride.2

The most widely used wood derived raw material in
commercially manufactured WPCs is wood flour. Wood
flour is produced from the scrap materials of various
wood processors by size reduction with different kinds of
mills and size classification of the pulverised wood by

screening.3 The particle size of commercially manufac-
tured wood flour is usually smaller than 425 mm, and the
aspect ratio (length/diameter ratio) is between 1 and 5.4

The low aspect ratio limits the reinforcing potential of
wood flour,5 and studies have shown that wood fibres with
a higher aspect ratio have better reinforcing capability.6,7

Especially when good adhesion between fibre and matrix
exists, fibres provide better stress transfer to the fibres.5

However, fibres are seldom used in manufacturing of
commercial WPCs because feeding and metering of low
bulk density fibres is difficult and they are more expensive
than wood flour.2,5 Problems with poor dispersion of
wood fibres in composites have also been reported.8,9

A great deal of WPC research has concentrated on
enhancing the interfacial adhesion between hydrophilic
wood and hydrophobic thermoplastic matrix due to the
incompatibility problems of these components. Parti-
cularly, the use of different coupling agents and fibre
surface treatments has been studied extensively.10–15

Research activities focusing on the effect of wood
characteristics and processing conditions on WPC
properties have been less frequently reported. The effect
of wood particle size on composite properties has been
studied to some extent,7,16–19 but only a few studies can
be found where larger wood particles have been used in
the manufacture of WPCs.17,20 In addition, there have
been few studies on the effect of extrusion compounding
on wood particle size and fibre length,21,22 even though
twin screw extrusion is one of the main processing
methods used in the manufacture of WPCs.

In the study by Bledzki and Faruk17 the physical and
mechanical properties of composites made of PP and
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different types of wood fibres and wood chips were
compared. They concluded that wood chips–PP compo-
sites showed better tensile and flexural properties than
the other wood–PP composites when 5% coupling agent
was added. Balasuriya et al.20 used wood flakes with a
size of (1–4) mm6(0?1–2) mm in wood–high density
polyethylene composites in their study of the effect of
wood flake distribution and wetting on the structure–
property relationship of WPCs. They noticed that the
length of wood flakes was reduced after compounding.

Other studies have also shown that wood particle size
and fibre lengths are reduced during the compounding.21–24

Usually, this reduction is considered a disadvantage, but
the shear forces in extrusion could also be used to reduce
the particle size of larger wood particles. It is possible that
individual fibres with a higher aspect ratio can be separated
from wood particles if an optimal screw configuration and
processing method is found. Thus, the wood raw material
would not need as much preprocessing as the commonly
used wood flour requires before it can be compounded with
plastic in an extruder. If larger, undried wood particles can
be used as rawmaterial in aWPC, the use of cheaper wood
residues in composite manufacturing is possible.

In this study the use of wood chips as a raw material
in a WPC is investigated. The high shear forces in a co-
rotating twin screw extruder are utilised to grind wood
chips into smaller particles, possibly even into individual
fibres, which are then compounded with polymer matrix
in the same processing step. Two different extrusion
processing methods are used, and both dried and
undried wood chips are used to study the possibility of
carrying out the drying process of wood in the same
process step. In addition, the effect of wood moisture
content on wood particle size during extrusion is

examined. Wood particle properties such as aspect ratio
and size distributions after extrusion are analysed.
Furthermore, the mechanical properties of the prepared
composites are studied.

Experimental

Materials
Spruce pin chips were used as wood raw material
(Fig. 1). Wood chip particle size was determined by
measuring the length and the width of 100 particles
manually. According to manual measurements, average
particle length was 16?2 mm and average particle width
was 3?3 mm. Initial moisture content of the wood chips
was 40 wt-% based on total weight. Wood chips were
used as dried and as undried. The dried wood chips were
kept at 105uC for 24 h to reach moisture content below
1 wt-% (based on dry weight) before processing. The
undried wood chips were used as such.

Polypropylene in powder form (melt flow index532 g/
10 min, 230uC/2?16 kg and 16 g/10 min, 200uC/2?16 kg)
supplied by Borealis Polyolefins (Austria) was used as
matrix polymer. Maleic anhydride grafted PP (MAPP,
Epolene E-43; Eastman Chemical Company, USA),
lubricant (TPW 113; Struktol, USA) and antioxidant
agent were used as additives.

Processing of WPCs
Extrusion compounding

A co-rotating twin screw extruder with twin screw side
feeder, Coperion W&P ZSK-18 MEGALab (Stuttgart,
Germany) equipped with a K-Tron gravimetric feeder
(Niederlenz, Switzerland), two atmospheric vents and a
vacuum vent was used to compound the composite
materials. Before extrusion the PP and the additives
were premixed. The gravimetric feeder was used to feed
PP into the extruder while wood chips were fed into the
extruder manually because it was not possible to use the
gravimetric feeder system for this kind of material.

Two different processing methods (methods I and II)
were used in the manufacturing of the composites. The
methods differed from each other in feeding orders of
the raw materials, in screw configurations and in
temperature profiles. In method I, PP and additives
were fed first and wood chips were fed using the side
feeder. In method II, wood chips were fed first and PP
and additives were fed using the side feeder. Extrusion
set-ups for methods I and II are shown in Figs. 2 and 3.
The screw configuration used in method I (PP fed first) is
presented in Fig. 4, and the screw configuration used in
method II (wood chips fed first) is presented in Fig. 5.

1 Wood chips used in this study

2 Extrusion set-up for processing method I
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The screw configurations were based on the feeding
order of the materials.

The compounded composites were profiled into
rectangular profile with a cross-section of 5620 mm.
Altogether four types of WPCs were manufactured
using two different processing methods and two kinds of
wood chips:

(i) PP–DWC: composite made with method I and
dried wood chips

(ii) PP–UWC: composite made with method I and
undried wood chips

(iii) DWC–PP: composite made with method II and
dried wood chips

(iv) UWC–PP: composite made with method II and
undried wood chips.

Owing to the manual feeding of the wood chips, the
wood content of composites was calculated according to
the feeding rate of PP (kg h21) and sampling time used
to collect the composite material. The initial goal was to
prepare composites with a wood content of 50 wt-%;
however, the actual wood contents varied to some
extent.

Characterisation of wood particles
Extraction of matrix polymer

To measure wood particle size and shape after the
compounding, PP matrix was extracted from compo-
sites. Before extraction, extruded pieces of each compo-
site material were pressed into thin sheets with heated
press (LPC-300; Fontjine Grotnes, Netherlands) by first
preheating the material for 2 min and then pressing for
30 s at 200uC. Five grams of each pressed material was
kept in boiling xylene until the matrix was completely

dissolved (15–35 h). The solution was filtered and
washed with hot xylene. After this, the sample was
washed with ethanol to remove xylene and filtered. At
last, the sample was washed with water to remove
ethanol and filtered again.

Fractionation

To achieve better understanding of particle size dis-
tributions in each sample, the extracted samples
consisting of wood particles and fibres were divided
into four different size categories (fractions) by using the
tube flow fractionation method (Metso Automation,
Kajaani, Finland). After fractionation, mass fractions of
each fraction were determined by filtering.

Tube flow fractionation is a method in which the
sample (in water suspension) is injected into a contin-
uous plug flow of water, which then enters a long plastic
tube. As the sample flows in the tube it is fractionated by
size. The fractionation device is equipped with a CCD
camera, which records approximately 600 images of the
sample during the analysis. The images recorded of each
sample were saved and used in the image analysis. The
tube flow fractionation method is described in more
detail in publications by Laitinen et al. and Krogerus
et al.25,26

Image analysis

To measure wood particle and fibre dimensions, the
images taken by the tube flow fractionation device were
analysed using image analysis software developed by
Metso Automation for research purposes. During image
analysis, captured images are segmented to regions that
may have one or several objects. The objects (particles,

3 Extrusion set-up for processing method II

4 Screw configuration used in method I

5 Screw configuration used in method II
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fines and fibres) in one region are then interpreted based
on geometrical criteria. To measure properties of each
object, several image analysis algorithms are performed.
The basis for these algorithms is the model on
interaction of light and various objects. This enables
the use of so called subpixel algorithms to improve the
resolution. For each of the objects, the projection area is
determined. Based of the shape of the object, the other
parameters such as length and width are then decided.
These parameters were then used to calculate the aspect
ratio of the wood particles. Settings used in the image
analysis are presented in Table 1.

Microscopy

To study the morphology of wood particles, microscopic
images were taken from the fractionated samples. A
Leica MZ LIII stereomicroscope (Leica Microsystems
Ltd, Switzerland) was used to take images of wood
particle fractions FR1, FR2 and FR3. Owing to the
small size of wood particles in fraction FR4, images were
taken with field emission SEM (Zeiss ULTRA Plus; Carl
Zeiss SMT AG, Germany). All the microscopy samples
were freeze dried and field emission SEM samples were
sputter coated with platinum before observation.

Characterisation of composites
Compression moulding

Test specimens for mechanical testing were moulded
with a conventional compression moulding press
(Fjellman Press AB, Mariestad, Sweden). The mould
temperature was 50uC and the pressure applied on the
samples was y70 MPa. Before the moulding, extruded
profiles (34 g batch weight) were heated in a hot air oven
at 200–210uC for 30 min. The composite samples in
which undried wood chips were used as raw material
were additionally dried at 75uC for 12–34 h before
compression moulding in order to remove possible
moisture left in the composites.

Density

Density of the compression moulded composite specimen
wasmeasured using a pycnometer (AccuPyc 1330;Micro-
meritics Instrument Corp., USA). The measurement is

based on gas displacement technique. The average spec-
imen size was 3061065 mm. Three replicates for each
material was tested.

Mechanical properties

Flexural testing of the wood chip–PP composites was
performed according to ASTM D790 standard (three-
point bending). A Shimadzu Autograph AG-X universal
testing machine (Shimadzu Corp., Kyoto, Japan) with a
load cell of 1 kN was used for testing. A minimum of
five specimens of each material were tested.

Microstructure

Fractured surfaces of composites were studied with a
Jeol JSM-6460 SEM (Jeol Ltd, Tokyo, Japan). The
specimen from flexural testing were first frozen using
liquid nitrogen and then broken to create the fractured
surface. The sample surfaces were sputter coated with
gold before observation. Acceleration voltage of 15 kV
was used in the observation.

Results and discussion

Processing of WPCs
Table 2 shows the material compositions of the manu-
factured composites. Owing to the manual feeding of the
wood chips, there was some variation in the wood
contents between the composite materials. The compo-
sites with dried wood chips had a higher wood content
compared to those with undried wood.

The processability of the composites with dried wood
chips was better than composites with undried due to the
fact that the moisture present in the wood chips was
vaporised during extrusion. During processing the
actual processing temperatures increased slightly from
the set temperatures in the mixing zones where the
kneading elements were located, due to the high shear
forces. This was observed especially when method II
(wood fed first) and dried wood chips were used.

The extruded profiles of the manufactured composites
are shown in Fig. 6. The composites manufactured with
processing method I had a more rough surface in
comparison with those manufactured with method II, as
can be seen in Fig. 6. The composites with dried wood
chips (PP–DWC and DWC–PP) had a typical WPC
colour, while those with undried wood chips (PP–UWC
and UWC–PP) were lighter (Fig. 6).

Characterisation of wood particles
Fractionation

The extracted samples consisting of wood particles and
fibres were divided into four different size categories

Table 1 Parameters used in image analysis.

Parameter Value

Minimum fibre width, mm 1
Maximum fibre width, mm 500
Minimum fibre length, mm 0.01
Maximum fibre length, mm 7.6

a PP–DWC, method I; b PP–UWC, method I; c DWC–
PP, method II; d UWC–PP, method II

6 Extruded profiles of composites

Table 2 Material compositions of wood chip–PP
composites*

Wt-%

Material Method PP{ Lubricant MAPP Wood

PP–DWC I 39.3 2.6 1.8 56.3
PP–UWC I 42.5 2.8 1.9 52.8
DWC–PP II 40.0 2.7 1.8 55.5
UWC–PP II 43.8 2.9 2.0 51.3

*PP: polypropylene; DWC: dried wood chips; UWC: undried
wood chips; MAPP: Maleic anhydride grafted polypropylene. I:
PP fed first, II: wood fed first.
{PP includes 0?18 wt-% of antioxidant agent.
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(fractions) using a tube flow fractionation device. After
fractionation, mass percentage of each fraction was
determined by filtering. The mass fractions of analysed
samples are shown in Fig. 7.

From Fig. 7, it can be seen that all the samples have
dissimilar particle size distributions, which indicates that
both the processing method and the moisture content of
raw material affected the wood particle size during
extrusion. It can also be seen from Fig. 7 that the share
of shive fraction FR1 is larger in samples that are made
using processing method I (PP fed first) in comparison
with those made using processing method II (wood fed
first). This is reasonable, because in method I wood chips
were fed from the second feeding port, and thus were
exposed to less shear forces caused by the screw elements.
The use of undried wood chips as raw material resulted in
a larger share of bigger particles (FR1) compared to
samples in which dried wood chips was used. Especially
the share of fraction FR1 is large when method I and
undried wood chips were used (PP–UWC). The amount
of fines (fraction FR4) was largest when method II and
dried wood chips were used, indicating that this was the
harshest processing combination.

Image analysis

Results from image analysis of fractionated samples are
shown in Table 3. It can be seen from the results that
when undried wood chips have been used as raw mate-
rial the samples contain longer particles in comparison

with the samples with dried wood chips. The wood
particles extracted from composite specimens manufac-
tured with processing method I and undried wood chips
(PP–UWC) had the greatest aspect ratios, as shown in
Table 3.

Microscopy

Microscopic images of the whole wood particle samples
as well as fractions FR1, FR2, FR3 and FR4 of each
sample are presented in Fig. 8. The images show that in
each of the four cases wood chips have been significantly
broken down during extrusion compounding. There are
also clear differences in the particle shape and size
between samples. Especially the shape of wood particles
extracted from composites made with undried wood
chips differs greatly from that of samples extracted from
composites in which dried wood chips were used. With
dried wood chips, the particle size is greatly reduced, but
wood has remained in particulate form. The particles are
more fibrous and also individual fibres can be seen in the
samples extracted from composites in which undried
wood chips were used as raw material.

Microscopic observations confirm the results obtained
from fractionation and image analysis. Processing
method I (PP fed first) appeared to be gentler on wood
chips because, after extrusion, the wood particle lengths
and aspect ratios were higher in comparison with
samples in which method II was used. The use of
undried wood chips as raw material resulted in wood
particles and fibres with highest aspect ratio.

Characterisation of composites
Density

The densities of the wood–chip composites are presented in
Fig. 9. There were small differences between all the
densities of the composites, but especially the density of
the composite manufactured with method I and with
undried wood chips (PP–UWC) was lower than others.
The difference is possibly due to the lower wood content in
the composites with undried wood chips. However,
porosity may also cause the lower density of the composite.

Mechanical properties

The flexural properties of the manufactured composites
are presented in Figs. 10 and 11. The results from
flexural testing were normalised to respond 50 wt-% of

7 Mass fractions of fractionated wood samples

Table 3 Results from image analysis*

Material Fraction Mass-% Average length, mm Average width, mm Aspect ratio (length/diameter)

PP–DWC FR1 15.6 0.59 167.4 3.5
FR2 18.1 0.64 74.7 8.5
FR3 32.7 0.22 42.3 5.3
FR4 33.7 0.08 17.9 4.4

PP–UWC FR1 55.1 1.15 57.6 19.9
FR2 11.6 1.12 32.8 34.3
FR3 22.0 0.59 21.1 27.9
FR4 11.4 0.08 13.7 5.6

DWC–PP FR1 4.4 … … …
FR2 11.8 0.48 100.6 4.8
FR3 34.7 0.24 49.2 4.9
FR4 49.1 0.08 33.2 2.4

UWC–PP FR1 11.9 0.44 71.0 6.2
FR2 11.0 0.50 56.3 8.8
FR3 42.1 0.35 28.7 12.2
FR4 34.9 0.10 20.3 4.8

*PP: polypropylene; DWC: dried wood chips; UWC: undried wood chips.
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wood content, because of the variation in wood contents
of the composites.

The results from the flexural testing show that the
addition of the coupling agent and the moisture content
of wood chips had the greatest influence on the
composites flexural properties and that the processing
method did not affect the properties significantly.

Figure 10 shows a trend that the composites with
dried wood chips (PP–DWC and DWC–PP) had the
highest flexural modulus being around 4 GPa while the
composites with undried wood chips (PP–UWC and
UWC–PP) had a bending stiffness around 3?5 GPa. The
manufactured composites with dried wood chips had
similar bending stiffness, to that reported earlier by

8 Microscopic images of extracted wood particle samples (top row) and fractions FR1, FR2, FR3 and FR4 of each

sample

9 Densities of wood chip–PP composites 10 Normalised flexural modulus of composites
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Oksman and Sanadi for wood polymer composites with
50 wt-% wood flour.27

The composites maximum strength values when the
coupling agent was added were between 35 and 41 MPa,
with no significant differences as can be seen in Fig. 11.
However, the composites with undried wood chips
manufactured with method I (PP–UWC) showed a
trend with higher strength if compared to the others.
The composites with no coupling agent showed lower
properties and also very high scattering in the data. The
composites with wood chips as raw material showed
lower flexural strength values when compared to earlier
reported values with wood flour when the strength was
reported to be 59 MPa.27

The reason to test the properties without the coupling
agent was because it was suspected that the moisture in
the undried wood chips could react with MAPP, and
therefore affect the composites properties negatively
(Figs. 10 and 11). However, the results showed that the

addition of MAPP had a positive effect on both flexural
modulus and strength (PP–UWC and UWC–PP) in
comparison with the composites without coupling agent
(PP–UWC* and UWC–PP*).

In general, it can be concluded that the mechanical
properties of composites manufactured with undried
wood chips were lower or similar when compared to
composites manufactured with dried wood chips, despite
the higher aspect ratio of wood particles. It is possible that
bound moisture was not removed from the wood chips
during the extrusion process, which then act a plasticiser
for the wood and decreased the stiffness of the composites.

Microstructure

The SEM images from the fractured surfaces of the
composites are shown in Fig. 12. The wood particles are
significantly larger in the composites with dried wood
chips (Fig. 12a and c) in comparison with undried wood
chips (Fig. 12b and d). Wood particles are also clearly
fibrous in the composites made with undried wood
chips. Even long individual fibres can be seen in the
fractured surfaces of the composite made with method II
and undried wood chips (Fig. 12d).

However, cavities from fibre pull-outs and clean fibre
surfaces can be seen in all of the composites indicating
that the adhesion between the matrix and the wood
particles is not very good in any of these composites.
The composites with dried wood chips (PP–DWC and
DWC–PP) have large cavities from fibre pull-outs and
the composites with undried wood chips have plenty of
smaller fibre pull-outs, as the fractured surfaces of the
composites show (Fig. 12).

The results from flexural tests showed a trend that the
composites stiffness was lower when undried wood chips

11 Normalised flexural strength of composites

a PP–DWC; b PP–UWC; c DWC–PP; d UWC–PP
12 Fractured surfaces of composites
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were used which was unexpected when seeing the micro-
graphs of these materials. The undried wood chips with
larger aspect ratios should results in higher bending
stiffness than composites with particulate wood. One
possible reason for this behaviour could be the remaining
moisture in the wood. The moisture can cause porosity in
the matrix polymer and it can also act as a plasticiser for
the wood. However, when the fractured surfaces of the
composites were studied, no obvious signs of porosity in
the matrix could be seen (Fig. 12b and d). Therefore, the
reason the composites did not reach better stiffness might
be that the moisture was not efficiently removed during
processing and that softened to wood fibres.

Conclusions
When wood chips were used as raw material in WPCs,
both the processing method and the wood chips
moisture content affected the wood particle size and
the aspect ratio. In the case of dried wood chips, the
particle size was significantly reduced, but wood
remained in particulate form. Individual fibres and
wood particles with high aspect ratios were separated
during the compounding process when undried wood
chips were used as raw material.

The used processing methods did not have a great
effect on the mechanical properties of the composites.
Composites manufactured with dried wood chips had
slightly better flexural properties compared to those
manufactured with undried wood chips, despite the fact
that the aspect ratio of wood particles in undried wood
chip composites was higher.

This work shows that it is possible to use undried wood
chips as raw material for WPCs and reach stiffness values
similar to the composites where wood flour is used as raw
material and by that decrease the rawmaterial cost for the
final product. Furthermore, if the bound moisture from
wood chips can be removed during the process it might be
possible to improve themechanical properties because the
wood is in the form of fibre. Fibres have larger aspect
ratios than wood particles and should therefore be more
efficient as reinforcement for polymers. It might be
possible to remove the moisture by increasing the
residence time in the extruder by using lower processing
speeds, a larger extruder or an extruder with a higher
length/diameter ratio.
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a b s t r a c t

The objective of this work was to study the effect of chemical pre-treatment and moisture content of
wood chips on the wood particle aspect ratio after compounding in a twin-screw extruder and on the
mechanical properties of wood–polymer composites (WPCs). Composites with 50 wt.% wood content
were manufactured using pre-treated and untreated wood chips. The effect of wood moisture content
on composite properties was studied by using dried and undried wood chips. The mechanical properties
and fracture surfaces of the composites as well as the microstructure and aspect ratio of wood particles
after compounding were studied. The highest wood particle aspect ratio after extrusion was achieved by
using pre-treated, undried wood chips as raw material. The chemical pre-treatment was found to
enhance the defibration of wood chips as well as the mechanical properties of the composites.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Wood–polymer composites (WPCs) are materials which com-
bine the properties of wood and thermoplastic polymers. They
are considered more environmentally friendly options for wood
and plastic products in several applications, such as outdoor build-
ing materials, furniture and interior panels in automobiles [1].
WPCs are manufactured by compounding wood raw material with
a molten matrix polymer together with additives such as lubri-
cants, antioxidants and coupling agents in various compositions.
In commercial manufacturing of wood–polymer composites the
main wood rawmaterial used is wood flour. Wood flour is typically
produced from the residues of wood processors by milling and
screening the material into a specific particle size range [2]. Usu-
ally, the aspect ratio (length-to-diameter ratio) of wood flour par-
ticles is low, between 1 and 5 [2]. Earlier studies have shown that
wood and other natural fibres with higher aspect ratio give better
reinforcement than wood particles with low aspect ratio [3,4].
Especially when there is a good adhesion between fibres and the
matrix, a better stress transfer to the fibres is achieved [2]. How-
ever, since the processing of longer, bulky fibres is more difficult
and fibres are more expensive than wood flour, wood fibres are
not often used in the manufacture of wood–polymer composites
[5].

The focus in wood–polymer composite research has been on the
improvement of the interfacial adhesion between the hydrophilic
wood and hydrophobic polymer matrix. Studies have concentrated
especially on various coupling agents and chemical treatments to
improve adhesion between these two components [6–10]. Consid-
erably less research has been focused on studying the effects of
wood particle properties on composite properties, and these stud-
ies are mainly about how the wood particle size and wood species
affect composite properties [11–14]. Only a few studies can be
found where the effect of the aspect ratio of wood fillers has been
addressed [15–17], even though it has been suggested that it is the
aspect ratio but not the particle size of wood filler which has the
main influence on the mechanical properties of the wood–polymer
composites [4]. The possibility to use larger wood particles as raw
material for WPC has been studied by only a few researchers
[18,19], though it would be an economic advantage if wood resi-
dues could be used directly in the compounding process of
wood–polymer composites without pre-processing steps such as
milling, sieving and drying. In our earlier study it was shown that
wood chips can be used directly as raw material for WPC, and it is
even possible to separate individual fibres from the wood chips
during the extrusion compounding if undried wood chips are used
as raw material [20].

The objective of this work was to investigate the effect of chem-
ical pre-treatment and moisture content of wood chips on the
wood particle aspect ratio after compounding in a twin-screw ex-
truder and on the mechanical properties of prepared composites.
The purpose of the chemical pre-treatment was to soften the wood
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raw material prior to extrusion. In the earlier study by Hietala et al.
[20] a decrease in the flexural properties was noticed when un-
dried wood chips were used as raw material, even though the as-
pect ratio of wood particles was increased. The high moisture
content (40 wt.%) of the wood raw material feed was believed to
be the reason for this and therefore, in this work the effect of lower
moisture content of the undried wood raw material was also
studied.

2. Experimental

2.1. Materials

Spruce chips were used as wood raw material (Fig. 1). Wood
chips were used as: (1) untreated and undried (UU), (2) untreated
and dried (UD), (3) pre-treated and undried (PU), and (4) pre-trea-
ted and dried (PD). The moisture content of the undried wood
chips was 33 wt.% based on total weight, and the moisture content
of the dried wood chips was below 1 wt.% based on the dry weight.
The wood chips were dried in an oven at 105 �C for 24 h.

The matrix polymer used was polypropylene, PP, in powder
form with a Melt Flow Index (MFI) of 32 g/10 min, 230 �C/2.16 kg
and 16 g/10 min, 200 �C/2.16 kg supplied by Borealis Polyolefins,
Schwechat, Austria. A coupling agent, maleic anhydride grafted
polypropylene, (MAPP, Epolene E-43, Eastman Chemical Company,
Longview, Texas, USA), a lubricant (TPW 113, Struktol, Stow, Ohio,
USA) and antioxidant agent were used as additives.

2.2. Wood chip pre-treatment

Sodium sulphite, Na2SO3 (Merck KGaA, Darmstadt, Germany),
was used in the chemical pre-treatment. The pre-treatment was
done at 90 �C and at pH 9 for 210 min. The wood raw material
was diluted to 10% consistency and 5% Na2SO3 (based on the total
mass of the mixture) was used in the treatment. After the pre-
treatment, wood chips were washed with water, and then left to
dry at room temperature until a moisture content of 33 wt.% was
reached.

2.3. Compounding process

A co-rotating twin-screw extruder with twin-screw side feeder,
ZSK-18 MEGALab (Coperion W&P, Stuttgart, Germany) equipped
with a K-Tron gravimetric feeder (Niederlenz, Switzerland), two
atmospheric vents and a vacuum vent was used to compound
the composite materials. Polypropylene and the additives were
pre-mixed prior to extrusion. The gravimetric feeder was used to
feed PP into the extruder, while wood chips were fed into the ex-
truder manually, because it was not possible to use the gravimetric

feeder system for this kind of material. The wood content of com-
posites was calculated according to the following formula:

Wood content;% ¼ mwood

mcomposite
� 100%

¼ mcomposite � ðQPP � tÞ
mcomposite

� 100% ð1Þ

wheremwood andmcomposite are the masses of wood (total mass) and
composite (kg), QPP is the feeding rate of PP(kg/h), and t is the sam-
pling time (h) used to collect the composite. The aim was to prepare
composites with a wood content of 50 wt.%, but the actual wood
contents varied between 45 wt.% and 54 wt.%.

The extrusion set-up and the screw configuration used in the
compounding of the composites are shown in Fig. 2. The extrusion
conditions were the same for all prepared composites. The screw
configuration used was chosen based on the reported results of
an earlier study [20]. The compounded composites were profiled
into rectangular profile with a cross section of 5 mm � 20 mm.
Four types of wood chip-PP composites were manufactured:

(a) UD-PP: composite made with untreated and dried wood
chips.

(b) UU-PP: composite made with untreated and undried wood
chips.

(c) PD-PP: composite made with pre-treated and dried wood
chips.

(d) PU-PP: composite made with pre-treated and undried wood
chips.

Except for the manual feeding of the wood chips, there were no
great difficulties in the processing of the composites. Steam was
created during compounding when undried wood chips were used,
but it was ventilated out from the extruder. Blockage of the atmo-
spheric vents after a longer compounding period posed a minor
problem. The overall impression was that using undried wood
chips was less detrimental to the extruder screws than the use of
dried wood chips.

The appearance of the composite profiles made using undried
wood chips was slightly different from the profiles made with
dried wood chips indicating that there could be more voids in
the material due to vaporized moisture. However, after compres-
sion moulding the specimens appeared to be identical.

2.4. Characterization

2.4.1. Specimen preparation
Test specimens for flexural testingweremouldedwith a conven-

tional compression moulding press (Fjellman Press AB, Mariestad,
Sweden). Before moulding, the extruded profiles were broken into
shorter pieces (approximately 60 mm � 5 mm � 20 mm) and
weighed intobatchesof�34 gwhichwere thenheatedbetweenalu-
minium plates and Teflon sheets in a hot air oven at 200 �C for 20–
45 min. After heating, the composites were transferred into the
compression moulding press. The mould temperature was 50 �C
and the pressure applied on the samples was approximately
70 MPa. A plate of five flexural specimens could bemoulded at once.
After cutting, the size of the flexural specimens was 5 mm �
10 mm � 120 mm.

Plate-shaped test specimens for impact testing were made
with an LPC-300 Fontijne Grotnes heat press (Vlaardingen, Neth-
erlands) and using a metal frame with an opening size of
1.5 mm � 100 mm � 100 mm. Before pressing, the extruded
material was broken into shorter pieces (approximately 90
mm � 5 mm � 20 mm, five pieces per plate), placed between alu-
minium plates and Teflon sheets with the frame, and preheated inFig. 1. Spruce wood chips.
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the press for 10 min at 200 �C without pressure. The preheated
material was then pressed for 2 min, with a load of 150 kN at
200 �C. The dimensions of the test plates were approximately
1.6 mm � 100 mm � 100 mm.

2.4.2. Mechanical properties
Flexural testing of the wood chip-PP composites was performed

according to ASTM D790 standard (three-point bending). A Shima-
dzu Autograph AG-X universal testing machine (Shimadzu Corp,
Kyoto, Japan) with a load cell of 1 kN was used for testing. A mini-
mum of 13 specimens of each material were tested. The support
spanused in the testingwas 84.5 mmand the speed of the crosshead
was 2.254 mm/min. Impact properties of the prepared composites
weremeasuredwitha fallingweight impact testingmachine,Dynat-
up Minitower (Instron, Norwood, MA, USA) according to ASTM
D3763 standard. The total mass of the impactor was 2.31 kg and
speed of testing was 2.8 m/s. At least three specimens of eachmate-
rial were tested.

Because there were differences in the wood contents of the
composite materials, the results from the flexural testing were nor-
malized to correspond to 50 wt.% wood content assuming that lin-
ear relationship between wood loading and properties exists. The
normalization was done using the following formula:

Normalized value ¼ Actual value�wnormalization

wspecimen
ð2Þ

where wnormalization is the chosen wood content for normalization
(50 wt.%) and wspecimen is the actual wood content of the specimen
(wt.%). For example, the flexural strength value of UD-PP specimen
No. 8 was 46.11 MPa with a wood content of 54 wt.%. The normal-
ized strength value was calculated using Eq. (2) as follows:

Normalized flexural strength ¼ 46:11 MPa� 50 wt:%
54 wt:%

¼ 42:69 MPa:

2.4.3. Density
The density of the compression moulded composite specimen

was measured using the water displacement method according
to ASTM D792 standard (test method A). The specimen size was
65 mm � 10 mm � 5 mm. Four replicates for each material were
tested.

2.4.4. Extraction of matrix polymer
To study thewood particle size and shape after compounding, PP

matrix was extracted from the composites. Prior to extraction,
piecesof each compositematerialwerepressed into thin sheetswith
a heat press (LPC-300, Fontijne Grotnes, Vlaardingen, Netherlands)
by first preheating the material for 5 min without pressure at
200 �C and then pressing for 2 min at 150 kN at 200 �C. A few grams
of each pressedmaterialwere kept in boiling xylene until thematrix
was completely dissolved (24 h). After extraction, the wood parti-
cles were washed with ethanol and water to remove xylene.

2.4.5. Aspect ratio of wood particles
For the determination of the aspect ratio of wood particles ex-

tracted from the composites, the samples were first analyzed with
a tube flow fractionator (Metso Automation, Kajaani, Finland). The
tube flow fractionator is typically used to fractionate wood fibre
samples into different size categories. However, in this case, the
device was used to capture images of the wood particle samples
for the image analysis, because during analysis approximately
600 images of the sample are recorded. The tube flow fractionation
method is described in more detail in publications by Krogerus
et al. and Laitinen et al. [21,22].

After fractionation the images were analyzed using kajaaniIMG
image analysis software supplied by Metso Automation (Kajaani,
Finland). During image analysis, captured images are segmented
to regions that may have one or several objects. The objects (parti-
cles, fines and fibres) in one region are then interpreted based on
geometrical criteria. Several image analysis algorithms are per-
formed to measure the properties of each object. The basis for these
algorithms is the model on interaction of light and various objects.
This enables the use of so-called sub-pixel algorithms to improve
the resolution. For each of the objects, the projection area is deter-
mined. Based on the shape of the object, other parameters such as
length andwidth are then decided. The aspect ratio of thewood par-
ticles was calculated using the length and width parameters. The
settings used in the image analysis are presented in Table 1. The set-
tings were chosen so that the smallest wood particles would be ex-
cluded from the analysis.

2.4.6. Morphology and microstructure
A scanning electron microscope (Jeol JSM-6460, Jeol Ltd., Tokyo,

Japan) was used to observe the size and shape of wood particles
after extraction of the polymer matrix as well as the fracture sur-
faces of the manufactured composites. The wood particle samples

Fig. 2. The extrusion set-up and the screw configuration used in the study.
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were freeze-dried before microscopy. The fracture surfaces of the
composites were created by freezing flexural testing specimens
in liquid nitrogen and then breaking the frozen specimen. All the
specimens were sputter-coated with gold before observation. An
acceleration voltage of 10 kV was used in the observation of the
fracture surfaces and an acceleration voltage of 5 kV was used in
the observation of the wood particles.

2.4.7. Statistical analysis
One-way analysis of variance (ANOVA) followed by Tukey–

Kramer multiple comparison tests with a 0.05 significance level
was used to analyze the results from mechanical testing.

3. Results and discussion

3.1. Composites

In Table 2 the compositions of the wood chip-PP composites are
shown. The wood contents of the composites varied to some extent
due to the manual feeding of the wood chips in the extruder. In
general, the composites with dried wood chips had higher wood
content compared to the composites with undried wood.

3.1.1. Mechanical properties
The results from the mechanical testing are shown in Table 3.

Because there were differences in the wood contents of the com-
posite materials, the results from flexural testing were normalized
to correspond to 50 wt.% wood content.

From Table 3 it can be seen that the chemical pre-treatment af-
fected the flexural properties positively: the composites with pre-

treated wood chips had better strength properties than composites
with untreated wood chips and the same wood chip moisture lev-
els. The flexural properties on the composites were also affected by
the moisture content of the wood chips: the use of undried wood
chips with a moisture content of 33 wt.% enhanced the flexural
strength but, simultaneously, the modulus of elasticity was de-
creased. The composite manufactured with pre-treated, undried
wood chips (PU-PP) had the highest flexural strength and the com-
posite with pre-treated, dried wood chips (PD-PP) had the highest
flexural modulus among the prepared composites. The lower mod-
ulus of the composites with undried wood chips could be ex-
plained by the fact that moisture makes wood more flexible.
From Table 3 it can be seen that the strains of the composites with
undried wood chips were larger than with the composites with
dried wood chips.

The impact properties of the composites were studied using a
falling weight impact test, and the results are presented in Table
3. Characteristic load–deflection and energy–deflection curves
from the impact testing are shown in Fig. 3. The shape of the curves
was similar for all the materials. It can be seen from Table 3 that
there were small differences between the peak load and total im-
pact energy values of the composites; however, the differences
were not statistically significant.

The results from the mechanical testing showed that the
chemical pre-treatment enhanced the flexural properties of the
composites. The flexural strength of the composites with pre-
treated wood chips was higher than that of the composites with
untreated chips. No significant improvement could be seen in the
impact properties due to the chemical pre-treatment. The
enhancement of the flexural strength of the composites with
pre-treated wood chips is believed to be caused mainly by the
higher aspect ratio of wood fibres and particles due to lignin soft-
ening. This is assumed to be especially pronounced when undried
wood chips are used. It is also possible that pre-treatment with
sodium sulphite changed the surface properties of the wood par-
ticles [23], and thus improved the mechanical properties of the
composites by improving the adhesion between wood and
polypropylene.

3.1.2. Density
The results from the density measurements are shown in Fig. 4.

The results were normalized to correspond to 50 wt.% wood con-
tents. The composite with pre-treated, undried chips (PU-PP) had
the highest density, 1.23 g/cm3, and the composite with untreated,
dried chips had the lowest density, 1.03 g/cm3. According to Cle-
mons 2008 [2], increased density of the wood–polymer composites
is often related to the collapsing or filling of the hollow wood fi-
bres. The reason for the higher density of the PU-PP composite is
most likely that there are more individual, collapsed wood fibres
in comparison with the larger wood particles in the other compos-
ites due to the softening of the wood caused by moisture and the
chemical pre-treatment. The composite with the highest density
(PU-PP) had the best flexural properties among the prepared
materials.

Table 1
Settings used in the image analysis.

Parameter Value

Minimum fibre width 10 lm
Maximum fibre width 3000 lm
Minimum fibre length 0.1 mm
Maximum fibre length 7.6 mm

Table 2
Material compositions of the wood chip-PP composites.

Material Weight (%)

PPa Lubricant MAPP Wood

UD-PP 41.4 2.8 1.8 54.0
UU-PP 44.1 2.9 2.0 51.0
PD-PP 45.0 3.0 2.0 50.0
PU-PP 49.5 3.3 2.2 45.0

PP = polypropylene, UD = untreated and dried wood chips, UU = untreated and
undried wood chips, PD = pre-treated and dried wood chips, PU = pre-treated and
undried wood chips.

a Polypropylene includes 0.18 wt.% of antioxidant agent.

Table 3
Averages and standard deviations of flexural and impact properties of the composites. The flexural properties were normalized to correspond to 50 wt.% wood content.

Material Normalized flexural properties Impact properties

Strength* (MPa) MOE* (GPa) Strain at max* (%) Peak load* (N) Total energy* (J)

UD-PP 43.6 ± 3.9a 4.5 ± 0.4ac 1.4 ± 0.1a 148.6 ± 10.2a 1.9 ± 0.1a

UU-PP 48.5 ± 4.5b 3.9 ± 0.5b 2.1 ± 0.2b 167.6 ± 3.6a 2.1 ± 0.4a

PD-PP 50.5 ± 2.6b 4.9 ± 0.5a 1.6 ± 0.2a 156.3 ± 13.6a 1.7 ± 0.4a

PU-PP 57.7 ± 5.4c 4.3 ± 0.3bc 2.5 ± 0.2c 169.9 ± 25.8a 2.0 ± 0.3a

* Means marked with the same superscript letter within the same column are not significantly different at 5% significance level based on the ANOVA and Tukey–Kramer
pairwise comparison test. PP = polypropylene, UD = untreated and dried wood chips, UU = untreated and undried wood chips, PD = pre-treated and dried wood chips,
PU = pre-treated and undried wood chips.
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3.1.3. Fracture surfaces
Figs. 5 and 6 show SEM images taken from the fracture surfaces

of the wood chip-PP composites. The images in Fig. 5 are taken
with less magnification to show a general view of the fracture sur-
face of the composite. From Fig. 5 it can be seen that the fracture
surface of composites with dried wood chips (Fig. 5a and c) is
rougher in comparison with composites with undried wood chips
(Fig. 5b and d). Also, large cavities from pull-outs and parts of large
wood particles can be seen in the fracture surfaces of the compos-

ites with dried wood chips. The fracture surfaces of the composites
with undried wood chips are smoother, most likely due to the
smaller wood particles and fibres contained in them.

Fig. 6 shows details from the fracture surfaces of the wood chip-
PP composites. It can be seen that wood particles have not been
separated into individual fibres when dried wood chips have been
used as raw material (Fig. 6a and c), even though the particle size
appears to be greatly reduced. The presence of individual fibres in
the composites with undried wood chips is obvious (Fig. 6b and d).
Also, larger wood particles could be seen in the fracture surfaces of
the composites with undried wood chips, but the amount was sig-
nificantly lower than in the composites with dried wood chips. No
obvious differences between the composites with untreated and
pre-treated wood chips could be seen in the SEM images, and the
adhesion appeared to be moderately good in all the composite
materials. No large gaps between the matrix and the wood parti-
cles could be seen in the images; however, fibre and particle
pull-outs were observed in all the composites.

3.2. Wood particles

3.2.1. Microstructure
Fig. 7 shows SEM micrographs of the wood particles after ma-

trix removal. Individual fibres are clearly seen in the images which
show the wood particles extracted from the composites manufac-
tured with undried wood chips (Fig. 7b and d). In addition, more
individual fibres can be seen in Fig. 7d in comparison with
Fig. 7b, indicating that the wood chip pre-treatment improved
the fibre separation from the undried wood chips. When dried
wood chips have been used as raw material, the wood has re-
mained in particulate form, as can be seen from Fig. 7a and c. There
are no apparent differences between the wood particles extracted
from the composites made with dried, untreated wood chips
(Fig. 7a) and dried, pre-treated wood chips (Fig. 7c).

3.2.2. Aspect ratio
The average aspect ratios (l/d) as well as the average lengths

and widths of the wood particles extracted from the composite
samples are shown in Table 4. The aspect ratios were calculated

Fig. 3. Characteristic load and energy vs. deflection curves from impact testing.

Fig. 4. Densities of the wood chip-PP composites.

Fig. 5. Overviews of the fracture surfaces of the wood chip-PP composites. (a) UD-PP, (b) UU-PP, (c) PD-PP and (d) PU-PP.
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from the length and width measurements determined using image
analysis software.

As can be seen from Table 4, the wood particle samples from the
composites in which dried wood chips were used (UD-PP, PD-PP)
had similar aspect ratios as wood flour typically used in wood–
polymer composites. The use of undried wood chips as raw mate-
rial resulted in significantly greater wood particle aspect ratios
after compounding. The wood chip pre-treatment slightly in-
creased the wood particle aspect ratio, which may explain the im-
proved mechanical properties of the composites with pre-treated
wood chips. The wood particles with the highest aspect ratio were
extracted from the composite made with pre-treated and undried
wood chips (PU-PP), which also had the highest flexural strength
and impact properties (Table 3).

Fig. 6. Details from the fracture surfaces of the wood chip-PP composites. (a) UD-PP, (b) UU-PP, (c) PD-PP and (d) PU-PP.

Table 4
The average lengths, widths and aspect ratios of the extracted wood particles.

Material Length, L(l)a (mm) Width (lm) Aspect ratio (l/d)

UD-PP 0.3 46.3 7.9
UU-PP 0.6 34.1 23.1
PD-PP 0.3 38.3 8.9
PU-PP 0.7 35.7 25.3

a Length weighted average length.

Fig. 7. Wood particles after matrix removal. (a) UD-PP, (b) UU-PP, (c) PD-PP and (d) PU-PP.
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4. Conclusions

In this work the effect of chemical pre-treatment and moisture
content (dried and undried wood chips) in manufacture of wood
chip-PP composites was studied with an aim to create more indi-
vidual wood fibres during the processing as well as improve the
composites’ mechanical properties. This study showed that chem-
ical pre-treatment with sodium sulphite improved the composites’
mechanical properties and that the wood particle aspect ratio was
increased in the extrusion process.

The use of pre-treated wood chips enhanced the flexural prop-
erties of the wood chip-PP composites. The use of undried wood
chips resulted in improved flexural strength in comparison with
the composites with dried wood chips, but the flexural modulus
was decreased. Study of the aspect ratios of wood particles showed
that the use of pre-treated and undried wood chips resulted in the
highest aspect ratio after compounding. In general, aspect ratios
were considerably higher when undried wood chips were used as
raw material instead of dried wood chips.

The overall results are promising. The study shows that it is
possible to use wood chips as raw material for the production
wood–polymer composites and that the wood chips can be defi-
brated during the composite manufacturing process. When a sim-
ple chemical pre-treatment is used to soften the wood a more
defibrated wood structure can be achieved.
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a b s t r a c t

The aim of this study was to investigate if cellulose nanofiber (CNF) gels with high water
contents can be processed to nanocomposites with starch powder using continuous
twin-screw extrusion and to improve the mechanical properties and moisture sensitivity
of thermoplastic starch. Nanocomposites with 0, 5, 10, 15 and 20 wt.% cellulose nanofiber
content were prepared. The characterization methods were conventional tensile testing,
UV/Vis spectroscopy, scanning electron microscopy and moisture absorption. The cellulose
nanofiber gel with high water content was mixed with starch powder, fed to the extruder
as powder, performing the gelatinization of starch as well as the mixing of CNF in one step.
The microscopy study showed that the CNF aggregated during the process and that the
screw configuration needs to be more distributive and dispersive to get homogeneous
material. The results showed that the addition of CNF improved the mechanical properties
and had a positive effect on moisture uptake of the thermoplastic starch. Also, the translu-
cency of the TPS/CNF composite films remained, even with high CNF content (20 wt.%).

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Interest in utilizing the unique properties of nanocellu-
lose in various applications has been growing continuously
since the first publications on fibrillation of wood pulp into
cellulose nanofibers in the 1980s [1,2]. In addition to its
mechanical properties, the main benefit of nanosized cellu-
lose is that it can be considered a sustainable material due
to its renewability, biodegradability and abundance in nat-
ure [3,4].

Cellulose nanofibers are typically separated from ligno-
cellulosic plants, such as wood and agricultural crops,
using mechanical treatment [5]. Usually, lignin is also re-
moved from the plant cell wall prior to fibrillation using
chemical treatment [5–7]. Depending on the source and
separation method used, cellulose nanofibers are typically
20–40 nm in diameter and several micrometers long [3,8].

Unlike the cellulose nanowhiskers/crystals prepared by
acid hydrolysis, cellulose nanofibers contain both the
amorphous and crystalline regions of cellulose and can
therefore create entangled networks [5,9].

Because of the specific characteristics of cellulose
nanofibers, such as the high surface area and aspect ratio,
it is of great interest to use them to enhance the properties
of polymers. However, the suitable methods and matrices
for composite manufacturing are somewhat limited due
to the fact that nanocellulose is hydrophilic and forms irre-
versible aggregates when dried [3,10]. For this reason, the
most successful methods used in the preparation of cellu-
lose nanocomposites have been solution casting of dilute
slurry of matrix and nanofibers [5,11–14] and resin
impregnation of a dried nanofiber network [15–18]. For
larger scale production these methods are, however, slow
and expensive. Extrusion compounding is one of the most
promising methods for industrial processing due to easy
scale-up and the possibility of further molding of the mate-
rials [9,19,20]. Yet there are only few published studies on
extrusion processing of cellulose nanocomposites
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reinforced with cellulose nanofibers [20–22], which is why
more research is needed.

Thus, the aim of this work was to study the extrusion
processing of bionanocomposites of thermoplastic starch
and cellulose nanofibers. The processing as well as the
nanofibers’ dispersion and effect on the mechanical, optical
and moisture absorption properties of the composites were
studied. Starch was chosen as the matrix polymer, as it can
be processed into thermoplastic starch in the presence of
water [23], and therefore the cellulose nanofibers can be
used without drying in the compounding step. Basically,
native starch can be converted into thermoplastic starch
under heat and shear in the presence of plasticizer (typi-
cally water and a polyol, such as glycerol or sorbitol)
[24]. Under these conditions the starch granules are
destructurized, plasticized and melted, forming a material
which has a similar behavior to that of thermoplastics
[24,25]. Earlier studies, in which the solution casting meth-
od has been mainly used, have also shown that addition of
cellulose nanofibers improves the mechanical properties
and moisture sensitivity of starch matrix [8,11,14,25–27].

2. Materials and methods

2.1. Materials

Softwoodwoodflour (ScandinavianWoodFiberAB,Orsa,
Sweden)with a particle size range of 200–400 lmwas used
as a starting material for cellulose nanofibers. Sodium
chlorite (Sigma–Aldrich, Germany) and glacial acetic acid
(Merck, Darmstadt, Germany) were used in the delignifica-
tion of wood flour. A potato starch, ELIANE™ 100 (AVEBE,
Veendam, Netherlands) with high amylopectin content
(>99%) was used as matrix, D-Sorbitol (Merck, Darmstadt,
Germany)was used as plasticizer for starch, and stearic acid
(VWR, Leuven, Belgium) was used as a lubricant.

2.2. Preparation of nanofibers

Following the previous works of Abe et al. 2007,
Iwamoto et al. 2008 and Gong et al. 2011 [28–30], the
wood flour was delignified using acidified sodium chlorite
solution using the Jayme-Wise method [31,32]. 250 g of
wood flour (dry mass) was treated in a flask containing
3500 mL deionized water with 5 mL acetic acid and
33.5 g of sodium chlorite at 70–75 �C. Additions of acetic

acid and sodium chlorite were continued at 2 h intervals
until the wood became white, which in this case required
11 additions of acetic acid and sodium chlorite. The wood
was washed twice during the treatment and at the end
with minimum of 60 L of deionized water. Before washing,
the wood was left in the acidified chlorite solution for 12 h
at 70–75 �C. The total treatment time of the wood flour in
acidified chlorite solution was 58 h.

The cellulose nanofibers (CNF) were obtained from del-
ignified wood flour through mechanical fibrillation. A
3 wt.% suspension was prepared from the delignified wood
flour and deionized water, dispersed homogenously using
a laboratory shear mixer (Silverson L4RT, Silverson
Machine Ltd., England), and passed twice through an
ultrafine grinder, a super masscolloider MKCA6-3 (Masuko
Sangyo Co, Ltd., Japan), using rotational speed of 1440 rpm.
The total grinding time was 16 min. After grinding the dry
matter content of the CNF suspension was increased by
centrifuging to 12 wt.%.

Fig. 1 shows the visual appearance of wood flour in dif-
ferent stages of the preparation of cellulose nanofibers
from macro- to nanoscale. As Fig. 1a and b show, the origi-
nal wood flour consisted of small wood particles, and after
removal of lignin by the sodium chlorite treatment, indi-
vidual wood fibers were obtained. The ultrafine grinding
treatment of the bleached fibers resulted in a thick, viscous
gel, and transmission electron microscopy (Fig. 1c) con-
firmed that nanoscale fibers were obtained.

2.3. Processing of the materials

The TPS/CNF composites and neat TPS samples were
melt-compounded using a co-rotating twin-screw extru-
der (ZSK-18 MEGALab, Coperion W&P, Stuttgart,
Germany) with an L/D ratio of 40. The extruder barrel
was equipped with two atmospheric vents and vacuum
ventilation in purpose to remove the vaporized water
from the material. Feeding of the materials was done
manually due to the small amounts of the prepared pre-
mixes (200 g). The extrusion set-up together with the
screw configuration and the temperature profile is shown
in Fig. 2. The materials were extruded using a die with a
rectangular cross-section of 5 � 20 mm. The extrusion
set-up used was similar to an earlier study made in our
laboratory on thermoplastic starch reinforced with cellu-
lose nanocrystals [33].

Fig. 1. Photographs and electron microscopy (SEM and TEM) images of cellulosic materials in preparation of cellulose nanofibers: (a) wood flour, (b)
delignified wood flour, and (c) cellulose nanofibers after ultrafine grinding.
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Before extrusion, premixes of starch, sorbitol, stearic
acid and cellulose nanofibers (12 wt.% concentration in
water) were made with a Waring laboratory blender using
short blending pulses of 3 � 3–5 s. All the premixes were in
a powdery state, despite the fact that the cellulose nanofi-
ber suspension had high water content in order to avoid
the formation of CNF aggregates in the composites. The
CNF contents in the composites were 5, 10, 15 and
20 wt.% based on the dry weight. The amount of sorbitol
was 30 wt.% and the amount of stearic acid was 1 wt.%
based on dry starch. Stearic acid was added to prevent
material sticking to the screws and clogging the die.

A speed of 200 rpm was used in the experiments, as it
was found to be high enough to transport the material
and to be able to have the vacuum venting on in the extru-
der in order to remove moisture from the material. Higher
rotational speeds, on the other hand, reduce the residence
time in the extruder, affecting the gelatinization of starch
and the evaporation of water. In general, there were no
problems during the compounding process of the materi-
als. The cellulose nanofiber content mainly affected the
extrudates’ moisture content, as the materials with higher
CNF content were stickier after extrusion due to higher
water content. Because of this, the extruded materials
were left to dry in room temperature and humidity
(21 �C, 22% RH) for one week before compression molding.

2.4. Specimen preparation

After the extrusion, 10 g pieces of the extruded materi-
als were compression molded into thin films with a thick-
ness of �0.3 mm using a LPC-300 Fontijne Grotnes hot
press (Vlaardingen, Netherlands). The material was placed
between polyethylene terephthalate films and metal
plates, preheated in the press without pressure at 115 �C
for 3 min, pressed with 10.5 MPa for 3 min at 115 �C, and
then cooled to 25 �C for 10 min under the same pressure.

2.5. Characterization

2.5.1. Mechanical testing
For tensile testing rectangular strips with the size of

80 � 5 � 0.3 mm were cut from the compression molded
films. All test specimens were conditioned for at least
two weeks in a desiccator of 53% relative humidity (RH)
in room temperature before testing. The specimens were

kept in the desiccator until the moment they were going
to be tested, so as to minimize the variations in the mois-
ture content. The tensile properties of the materials were
tested using an Instron 4411 tensile testing machine with
a 500 N load cell, gauge length of 40 mm and testing speed
of 4 mm/min. At least six replicates of each material were
tested.

2.5.2. Optical properties
Transparency of the TPS and the TPS-CNF films was

studied using UV/Visible light spectroscopy. A Perkin
Elmer UV/Vis Spectrometer Lambda 2S (Überlingen,
Germany) was used to measure the light transmittance of
the films in a light wavelength area from 300 to
1000 nm. The scan speed used in the analysis was
240 nm/min, and three replicates of each material were
measured.

2.5.3. Microscopy
Scanning electron microscopy (JSM-6460, Jeol Ltd,

Japan; Zeiss ULTRA Plus, Carl Zeiss SMT AG, Germany)
and transmission electron microscopy (HT-7700, Hitachi,
Japan) were used to study the microstructure of cellulosic
materials as well as the fracture surfaces of the thermo-
plastic starch and the composites films. To create the frac-
ture surfaces, specimens were first frozen under liquid
nitrogen and then fractured. Specimens for SEMwere sput-
ter-coated with a thin layer of gold or platinum before
observation.

2.5.4. Moisture absorption
The effect of cellulose nanofibers on the kinetics of water

absorption of the specimens was studied according to the
ASTM D 5229 standard by exposing the samples to 98% rel-
ative humidity and determining the water uptake as a func-
tion of time until the moisture equilibrium content was
reached. Specimenswere cut from the compressionmolded
films, and the specimen size was 15 � 15 � 0.3 mm. The
film thickness 2 L was therefore considered thin enough
for the molecular diffusion to be one-dimensional. Before
absorption experiments, specimens were dried overnight
in an oven at 100 �C and then weighed. The average weight
of the dried specimen was 72 mg (instead of the recom-
mended 5.0 g in the standard due to lack of space). The
oven-dry samples were placed in a desiccator with a 98%
RH. At specific time intervals the samples were removed

Fig. 2. Extrusion set-up used in the compounding of TPS/CNF composites.
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from the desiccator andweighed until an equilibriummois-
ture value was reached. Five replicates of each material
were used in the analysis. The moisture absorption values
were calculated by taking the average of five values, and
the moisture diffusion coefficient was determined using
the slope of the initial linear part of themoisture absorption
curve, which was plotted using the averaged moisture
absorption values.

2.6. Statistical analysis

One-way analysis of variance (ANOVA) followed by
Tukey–Kramer multiple comparison tests with a 0.05
significance level was used to analyze the results from
mechanical testing.

3. Results and discussion

3.1. Mechanical properties of the materials

Typical stress–strain curves for the TPS/CNF films are
shown in Fig. 3, and the results obtained from the tensile
testing are summarized in Table 1. From Table 1 it can
be seen that the strength of the thermoplastic starch films
increased with the addition of cellulose nanofibers. The
strength increased with the cellulose nanofiber content
up to 10 wt.% of CNF, but the higher nanofiber concentra-
tions did not increase the strength significantly. The reason

for this can be nanofiber agglomerates with higher CNF
contents, as dispersion of nanosized reinforcement in the
matrix polymer is the main problem in melt compounding
of nanocomposites [9,19]. Nevertheless, with the addition
of 10 wt.% of CNF, the strength of a neat thermoplastic
starch nearly doubled (8.8 and 16.4 MPa). The Young’s
modulus increased linearly with the increasing cellulose
nanofiber content, and the material containing 20 wt.% of
CNF had the highest modulus of elasticity. When compared
to the neat thermoplastic starch, the modulus increased
from 455 to 1317 MPa (190%) with the addition of
20 wt.% cellulose nanofibers. As expected, the elongation
at break reduced with the addition of cellulose nanofibers
(Table 1, Fig. 3).

3.2. Optical properties

Transparency can be used as an indirect measure of the
size and dispersion of cellulose nanofibers in the matrix. If
the cellulose reinforcement is not in nanoscale (non-
fibrillated or aggregated), the transparency is lower due
to the increased light scattering [16,34]. Fig. 4 shows the
results from the UV/Vis spectroscopy for the TPS and
TPS/CNF films. The addition of cellulose nanofibers reduced
the light transmittance of the prepared films, indicating
that the dispersion of CNF was not homogeneous in the
composite films. At 550 nm light wavelength, which is
approximately in the center of the visible light spectrum,
the transmittance was reduced by 27%, 28%, 41% and 54%
with 5, 10, 15 and 20 wt.% addition of CNF, respectively,
when compared to the neat TPS matrix.

The transparency of the films was also examined visu-
ally against a background image (Fig. 5). From Fig. 5 it
can be seen that all the films can be considered translu-
cent, and up to 15 wt.% of CNF, there is no great reduction
in the clarity of the films. In addition, no visible aggregates
of cellulose nanofibers can be seen by the eye in any of the
films.

3.3. Microscopy

The SEM images from the fracture surfaces of the ther-
moplastic starch (TPS) and TPS/CNF composites with 5, 10,
15 and 20 wt.% of CNF are shown in Fig. 6. The images were
taken with a magnification of 500 to show the overview of
the fracture surfaces. From Fig. 6 it can be seen that the

Fig. 3. Typical stress–strain curves of the TPS and TPS/CNF films.

Table 1
Mechanical properties of the films of thermoplastic starch (TPS) and
thermoplastic starch reinforced with cellulose nanofibers (CNF) together
with standard deviations.

Material Tensile strength*

(MPa)
Young’s modulus*

(MPa)
Elongation at
break* (%)

TPS 8.8 ± 0.7a 455.3 ± 39.2a 23.0 ± 5.5a

5%CNF 11.8 ± 0.6b 622.9 ± 34.8b 8.9 ± 2.9b

10%CNF 16.4 ± 1.1c 914.9 ± 125.0c 8.8 ± 2.0b

15%CNF 16.8 ± 2.1c 1056.0 ± 99.9c 3.0 ± 0.9c

20%CNF 17.5 ± 2.1c 1317.0 ± 134.7d 1.9 ± 0.4c

* Means marked with the same superscript letter within the same
column are not significantly different at 5% significance level based on the
ANOVA and Tukey–Kramer pairwise comparison test. Fig. 4. UV/Vis transmittance spectra for the TPS and TPS/CNF films.
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dispersion of cellulose nanofibers has not been uniform
and aggregates of CNF can be found in all composite mate-
rials. Due to the increasing amount of cellulose nanofibers
in the composites with 15 and 20 wt.% of CNF the amount
of aggregates also increases, which is most likely the rea-
son why the tensile strength did not increase in the case
of these materials.

The cellulose nanofibers were used in 12 wt.% water
suspension in the composite preparation in order to avoid
the formation of nanofiber aggregates. However, as the
SEM images show, it seems that this water content was
inadequate, as aggregates were formed. It is also possible
that the water evaporated too fast from the material in
extrusion, causing the aggregation of CNF. In addition,
modification of the screw configuration to more shearing
could favor uniform dispersion of cellulose nanofibers.

3.4. Moisture absorption

The results from the moisture absorption study, the
moisture equilibrium contents and the moisture diffusion
coefficients, are shown in Table 2. As Table 2 shows, there
were no significant differences between the equilibrium
moisture contents of the materials despite the increasing
amount of cellulose nanofibers, as reported elsewhere for
TPS/CNF composites [11,25]. Similar type of behavior was
observed by Mathew and Dufresne 2002 when studying
the moisture absorption of sorbitol plasticized thermoplas-
tic starch reinforced with cellulose nanowhiskers [35].
When sorbitol is used as the plasticizer, it is believed to re-
strict the moisture uptake of thermoplastic starch more
than glycerol due to higher chain length and fewer end hy-
droxyl groups [35]. Because sorbitol was also used as the

Fig. 5. Visual appearance of the TPS and TPS/CNF films.

Fig. 6. Fracture surfaces of the TPS and TPS/CNF composites with 5, 10, 15 and 20 wt.% of cellulose nanofibers.
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starch plasticizer in this study, it is most probably the rea-
son why there were no significant differences between the
moisture equilibrium contents of the TPS and TPS/CNF
composites.

The moisture diffusion coefficients indicate that
the addition of cellulose nanofibers reduced the moisture
diffusion of thermoplastic starch (Table 2). The moisture
diffusion coefficient was greatest for the neat TPS, and it
was decreasing with the increasing amount of cellulose
nanofibers. Therefore, we can say that the addition of
cellulose nanofibers restricts the moisture diffusion in
thermoplastic starch. The reduction of moisture absorption
of two hydrophilic materials, starch and cellulose, can be
explained by several factors: (1) moisture penetration is
reduced by the good interfacial adhesion between cellulose
and starch [26,36]; (2) cellulose is less hygroscopic than
starch due to higher degree of crystallinity, which is why
the moisture absorption reduces with addition of CNF
[11,26], and (3) formation of fibrous network of cellulose
prevents the swelling of the starch matrix and thus reduces
the moisture penetration [25,36].

4. Conclusions

The aim of this work was to study the extrusion pro-
cessing of cellulose nanocomposites and the properties of
the prepared composites. Cellulose nanofibers were used
in wet state (12 wt.% water suspension) in the processing
of the composites together with a thermoplastic starch
matrix. The composites were successfully compounded
using a twin-screw extruder, and the study shows that it
is possible to use cellulose nanofibers with high water con-
tent in extrusion of bionanocomposites.

Mechanical testing of the nanocomposites showed that
the tensile strength and modulus of the starch matrix
were improved, and the moisture sensitivity was reduced
with the addition of cellulose nanofibers. The tensile
modulus increased linearly with the increasing nanofiber
content, but the strength properties were highest for the
material with 10 wt.% of cellulose nanofibers. Scanning
electron microscopy study revealed aggregates of cellu-
lose nanofibers in the composites, especially in the case
of composites with 15 and 20 wt.% of CNF, which explains
why there was no improvement in the strength properties
of these composites. Also, the UV/Vis spectroscopy
indicated the presence of CNF aggregates, as the light
transmittance of the composite films was reduced by
addition of nanofibers. However, the films maintained
their translucency, even with 20 wt.% of cellulose nanofi-
ber content.
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Abstract

The aim of this study was to examine if twin-screw extrusion process can be used to fibrillate 

cellulose fibers into micro- or nanosize fibers and at the same time prepare green 

bionanocomposites of thermoplastic starch with 10 wt% fiber content. The effect of the 

processing set-up on micro/nanofibrillation and fiber dispersion/distribution in starch was

studied. Two different types of cellulose fibers were used; namely, bleached wood fibers and 

TEMPO-oxidized cellulose fibers, in order to examine the effect of fiber treatment on 

fibrillation efficiency. In addition, a composite with cellulose nanofibers was prepared to 

examine the nanofiber distribution and dispersion in the starch as well as to compare the 

properties with the composites containing bleached fibers and TEMPO-oxidized fibers.

Microscopic methods (optical microscopy and scanning electron microscopy) were used to 

examine how the extrusion process affected the fiber size as well as their distribution and 

dispersion in the starch matrix. As indirect measures of the fibrillation and fiber dispersion in 

the composites, their mechanical properties, transparency and moisture uptake were 

measured.

Keywords:

Biocomposites; Nanocomposite; Cellulose fibers; Cellulose Nanofibers; Thermoplastic starch; 

Twin-screw extrusion; Microscopy 
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1 Introduction

Renewability, biodegradability, abundance in nature, non-toxicity, high mechanical 

properties, high specific surface area; these are some of the features that give nanocellulose 

such great potential for use in a wide variety of applications ranging from green packaging to 

medical materials. Depending on the source and isolation method used, cellulose nanofibers 

are typically 10-100 nm in diameter and several micrometers long [Herrick et al. 1983, 

Besbes et al. 2011] and, as opposed to the cellulose nanowhiskers prepared by the acid 

hydrolysis method, they contain both the amorphous and crystalline regions of cellulose

[Oksman et al. 2009].

Cellulose nanofibers are usually separated mechanically from lignocellulosic plants, 

such as wood and agricultural crops, after removal of lignin and other plant cell wall 

substances chemically [Azizi Samir et al. 2004, Gong et al 2011]. The most typical methods 

currently used in the laboratory -scale preparation of cellulose nanofibers are high-pressure 

homogenization [Turbak et al. 1983, Nakagaito & Yano 2004, Seydibeyoglu & Oksman 

2008] and ultra-fine grinding [Taniguchi & Okamura 1998, Iwamoto et al. 2005, Jonoobi et 

al. 2012]. However, in these methods the amount of energy needed to produce nanocellulose 

is rather high. Consequently, one of the main obstacles hindering the use of cellulose 

nanofibers in commercial applications is the high energy consumption needed to isolate

nanofibers [Spence et al. 2011]. Hence, several researchers have focused on studying ways to 

reduce the energy consumption used in the isolation process. Some of the most successful 

methods have been pre-treating cellulose chemically [Saito et al. 2006, Saito et al. 2007, 

Wagberg et al. 2008) or enzymatically prior mechanical nanofibrillation treatment 

[Janardhnan & Sain 2006, Henriksson et al. 2007, Pääkkö et al. 2007]. In addition, there are 

studies showing that less-conventional methods, such as the twin-screw extrusion, can be used 

in defibration of wood fibers from wood particles [Hietala et al. 2011a,b], or even as energy-

efficient methods in isolation of cellulose micro or nanofibers from wood pulp [Lee et al. 

2009, Nakagaito et al. 2010]. 

Processing native starch granules together with a plasticizer into thermoplastic starch 

under heat and shear is already a well-known method [Stepto 2003, Averous & Halley 2009],

and in our earlier study we have shown that preparation of thermoplastic starch can be done in 

a single extrusion step as compounding of cellulose nanocomposites [Hietala et al. 2012].

Thus, in this study the aim was to combine the processing of starch into thermoplastic starch 
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as well as the composite compounding and nanofibrillation of cellulose in one extrusion step 

in order to manufacture green biocomposites of thermoplastic starch and cellulose fibers.

To study the effect of fiber treatment of the nanofibrillation, two different types of 

cellulose fibers were used as the cellulosic raw material; namely, bleached softwood fibers 

and TEMPO-oxidized hardwood fibers. The TEMPO-oxidized fibers were used, as the

TEMPO-oxidation method has been shown to greatly reduce the mechanical energy needed 

for nanofibrillation, even to the extent that a blender [Saito et al. 2006] or a magnetic stirrer

[Saito et al 2007] can be used to isolate nanofibers after the oxidation treatment. In principle, 

negatively charged carboxylate groups are introduced to the surface of cellulose microfibrils,

creating repulsive forces between them and, thus, weakening the structure of the cellulose 

fiber in the TEMPO-oxidation method [Saito et al. 2006, Saito et al 2007].

In this study, the ability to use twin-screw extrusion process to fibrillate cellulose 

fibers into micro- or nanosize fibers and at the same time prepare green bionanocomposites of 

thermoplastic starch with 10wt% fiber content was studied. Microscopic methods (optical 

microscopy and scanning electron microscopy) were used to examine the fiber size after 

extrusion and fiber distribution in the composites. As indirect measurements of the fiber size, 

dispersion and distribution, the properties of the prepared composites were analyzed by means 

of tensile testing, UV/Vis spectroscopy and moisture uptake analysis and compared to those 

of a composite reinforced with 10 wt% of cellulose nanofibers. 

2 Materials and methods

2.1 Materials

Softwood wood flour (Scandinavian Wood Fiber AB, Orsa, Sweden) with a particle size 

range of 200-400 µm was used as a starting material for bleached cellulose fibers and 

cellulose nanofibers (Fig. 1). Sodium chlorite (Sigma-Aldrich, Germany) and glacial acetic 

acid (Merck, Germany) were used in the delignification of wood flour. Never-dried bleached 

hardwood kraft pulp (Betula pendula) was used to prepare the TEMPO-oxidized cellulose 

fibers (Fig. 1). 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO), sodium hypochlorite, 

sodium bromide and sodium hydroxide used in the TEMPO-oxidation were purchased from 

Sigma-Aldrich (Germany).
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Cellulose nanofibers (CNF) were obtained from delignified (bleached) softwood fibers 

through mechanical fibrillation, using an ultrafine grinder, a super masscolloider MKCA6-3

(Masuko Sangyo Co, Ltd., Japan), at a rotational speed of 1440 rpm. The total grinding time 

was 16 minutes.

A potato starch, ELIANETM 100 (AVEBE, Netherlands) with high amylopectin content 

(>99%) was used as matrix; D-Sorbitol (Merck, Germany) was used as plasticizer for starch, 

and stearic acid (VWR, Leuven, Belgium) was used as a lubricant.

Fig. 1. Used raw materials: a) cellulose nanofibers, b) TEMPO-oxidized fibers, c) bleached 

wood fibers.

2.2 Preparation of the bleached wood fibers

Following the same procedure used in our previous work [Hietala et al. 2012], the wood flour 

was delignified with acidified sodium chlorite solution using the Jayme-Wise method to 

obtain bleached wood fibers. 250 g of wood flour (dry mass) was treated in a flask containing 

3500 mL deionized water with 5 mL acetic acid and 33.5 g of sodium chlorite at 70-75°C.

Additions of acetic acid and sodium chlorite were continued at 2-hour intervals until the wood

became white, which in this case required 11 additions of acetic acid and sodium chlorite. The

wood was washed twice during the treatment and at the end with a minimum of 60L of 

deionized water. Before washing, the wood was left in the acidified chlorite solution for 12h 

at 70-75°C. The total treatment time of the wood flour in acidified chlorite solution was 58h.
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2.3 Preparation of TEMPO-oxidized cellulose fibers

The TEMPO-mediated oxidation was performed under alkaline conditions according to the 

procedure described by Saito et al. 2006 and 2007. A 50 g cellulose sample was diluted to 1% 

consistency and 0.1 mmol/g of TEMPO and 1 mmol/g of NaBr were added to the suspension. 

The reaction was started by adding 10% NaClO solution and the pH was adjusted to 10-10.5 

and maintained at this level with 0.5 M NaOH during the oxidation. Total amount of NaClO 

used was 10 mmol/g. The reaction was finished after 5.5 hours and the oxidized sample was 

washed with deionized water until the conductance of the filtrate reached a value under 10 

µC/cm. The carboxyl content of the oxidized sample was 1.3 mmol/g, and it was determined 

using conductometric titration in duplicate according to Araki et al. 2001 and Katz et al. 1984.

2.4 Composite processing 

The neat thermoplastic starch and cellulose fiber-reinforced samples were melt-compounded

using a co-rotating twin-screw extruder (ZSK-18 MEGALab, Coperion W&P, Stuttgart, 

Germany) with an L/D ratio of 40. The extruder barrel was equipped with two atmospheric 

vents to remove the vaporized water during the process. Feeding of the materials was done 

manually due to the small amounts of the prepared premixes (150-200 g). The extrusion set-

up is shown in Fig. 2. A die with a rectangular cross-section of 5 mm x 20 mm was used in 

the experiments.

Fig. 2. The extrusion set-up used in the experiments.

The screw configuration used in the experiments is shown in Fig. 3. The screw configuration 

was designed for high shear forces in order to facilitate the fibrillation of nanofibers. When 

compared to the regular screw configuration used in our laboratory for composite 
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compounding, this configuration consisted of several extra kneading elements, reversed screw 

elements (red elements in Fig. 3) and distributing elements.

Fig. 3 The screw configuration used in the experiments.

Before extrusion, premixes of starch, sorbitol, stearic acid and 10 wt% cellulose fibers were

prepared using a Waring laboratory blender with short blending pulses of 3 x 3-5 s. Due to the 

low dry matter content of the TEMPO-oxidized fiber suspension (3.4 wt%), moisture content

of the premix with TEMPO-oxidized fibers was 74 wt%; therefore, the water content of the 

other premixes was adjusted to the same level. The sorbitol content was 30 wt% and the 

content of stearic acid was 0.7 wt%, both based on the dry weight of starch. The stearic acid 

was added as a processing aid, preventing the compound from sticking to the screws or

clogging the die. The processing speed was set to 300 rpm because high screw speed affects

the distribution of the fibers in the matrix positively. On the other hand, increased processing 

speed will reduce the residence time, affecting the gelatinization of starch and also the 

evaporation of water; therefore, a speed higher than 300 rpm was not used.

In general, there were no problems during the compounding process of the composite 

materials; however, the high water content in the premixes resulted in low viscosity melt and 

it was therefore not possible to use vacuum ventilation, which would have been a more 

efficient way to remove the moisture from the extrudates. The moisture content of the

extruded materials was reduced after the process by drying the materials in room temperature 

and humidity during 2-3 days before compression molding of the sheets/films.

2.5 Compression molding

After drying, the extruded materials were compression molded to a thickness of ~0.2 mm

using an LPC-300 Fontijne Grotnes hot press (Vlaardingen, Netherlands). A 7-g piece of the 

material was placed between polyethylene terephthalate films and metal plates, preheated in 

contact mode without pressure at 110°C for 3 minutes, pressed with 7.4 MPa for 3 minutes at

110°C, and then cooled to 25°C for 10 minutes under the same pressure.
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2.6 Characterization methods

2.6.1 Microscopy 

Scanning electron microscopy (JSM-6460, Jeol Ltd, Japan) was used to study the fracture 

surfaces of the neat TPS and the composite films. To create the fracture surfaces, specimens 

were first frozen under liquid nitrogen and then fractured. Specimens for SEM were sputter-

coated with a thin layer of gold before observation. Optical microscopy (Dialux 20, Leitz,

Germany and ECLIPSE MA200, Nikon, Japan) was used to visually observe the distribution 

and size of the cellulose fibers in the composite films.

2.6.2 Fiber characteristics after extrusion

After extrusion, the thermoplastic starch matrix was extracted from the composites to be able 

to examine how the extrusion process affected the size and morphology of the fibers using

optical microscopy. A small amount of the composite was mixed with water, and the mixture 

was heated and kept at 90-95°C for approximately 4h under stirring with a magnetic stirrer. 

The solution was then filtrated in order to collect the fibrous material.

2.6.3 Mechanical testing

For the tensile testing, rectangular strips measuring 80 mm x 5 mm x 0.2 mm were cut from 

the compression-molded films. All test specimens were conditioned for at least 10 days in a 

desiccator at 50% relative humidity (RH) in room temperature before testing. The specimens 

were kept in the desiccator until the moment they were going to be tested, to minimize the 

variations in the moisture content. The tensile properties of the materials were tested using an 

Instron 4411 tensile testing machine with a 500 N load cell, gauge length of 40 mm and 

testing speed of 4 mm/min. At least six replicates of each material were tested. 
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2.6.4 Optical properties

The transparency of the neat TPS and the composite films was studied using a Perkin Elmer 

UV/Vis Spectrometer Lambda 2S (Überlingen, Germany). The light transmittance of the films

was measured in a light wavelength area from 300 to 1000 nm at a scanning speed of 240 

nm/min. Three replicates of each material were measured.

2.6.5 Moisture uptake

The moisture uptake of the prepared materials was studied by exposing the samples to 98% 

relative humidity. Specimens were cut from the compression-molded films, and the specimen

size was 40 mm x 40 mm x 0.4 mm. Four replicates of each material were used in the 

analysis. First, the specimens were dried overnight in an oven at 65°C and then weighed. The 

average weight of the dried specimen was 0.7 g. The oven-dry samples were placed in a 

desiccator with 98% RH, and after 16 days the specimens were removed from the desiccator 

and weighed. The water uptake was determined as the gain of weight during this time. 16 

days was expected to be enough for the material to reach the moisture uptake at equilibrium. 

Due the degradation of the neat TPS film it was difficult to continue the experiment any 

longer.

2.6.6 Statistical analysis

One-way analysis of variance (ANOVA) followed by Tukey-Kramer multiple comparison 

tests with a 0.05 significance level was used to analyze the results from mechanical testing.
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3 Results and discussion

3.1 Microscopy of the composites

The SEM images of the fracture surfaces of the thermoplastic starch (TPS) and the 

composites with 10% of cellulose nanofibers, TEMPO-oxidized fibers and bleached cellulose 

fibers are shown in Figs. 4 and 5. Fig. 4 shows an overview of the fractured surfaces and more 

details can be seen in Fig. 5. From Figs. 4c) and 4d) it can be seen that the fibers in the 

composites were several micrometers in size, indicating that the shear forces in twin-screw 

extrusion have not been enough to fibrillate the bleached wood fibers or TEMPO-oxidized 

fibers into nanofibers. In both cases, the fibers seen in the fractured surfaces are much larger 

in size in comparison with those in the composite containing cellulose nanofibers (Fig. 4 b). 

When comparing the fracture surfaces of the composites with bleached wood fibers (Fig. 4d) 

and TEMPO-oxidized fibers (Fig. 4c), the TEMPO-oxidized fibers appear to be smaller.

However, the reason for this is most likely the TEMPO-oxidation treatment as well as the 

different source of fibers (birch fibers). Birch fibers typically have diameters of 20-36 µm,

whereas softwood fibers such as spruce and pine have average diameters ranging from 25 µm 

to 45 µm [Smook 1999, p. 15].

Fig. 4. Fracture surfaces of a) neat thermoplastic starch (TPS), b) TPS reinforced with 

cellulose nanofibers (CNF), c) TPS reinforced with TEMPO-oxidized fibers (TEMPO), and d)

TPS reinforced with bleached wood fibers (BL.WF).
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Fig. 5. Details of the fracture surfaces of a) neat thermoplastic starch (TPS), b) TPS reinforced 

with cellulose nanofibers (CNF), c) TPS reinforced with TEMPO-oxidized fibers (TEMPO), 

and d) TPS reinforced with bleached wood fibers (BL.WF).

From Fig. 5 more details from the fracture surfaces of the composites can be seen. In the case 

of TPS reinforced with cellulose nanofibers (CNF), some aggregation of nanofibers can be 

seen (Fig. 5b), even though the dispersion appears to be rather good (Fig. 4.). In Fig. 5c it can 

be seen that some gaps exist between the TEMPO-oxidized fibers and TPS matrix, perhaps 

due to the swelling of fibers as a result of the TEMPO-oxidation treatment, which could 

impair the mechanical properties of this material. When comparing the fractured surface of 

the composite with TEMPO-oxidized fibers (5c) and bleached wood fibers (Fig. 5d), it is 

clear that the bleached wood fibers have greater diameters.

To examine the morphology and the dispersion of the cellulose fibers in the TPS matrix more 

closely, optical microscopy was used. The optical microscopy images of the composite films 

are presented in Fig. 6. The distribution of fibers was rather good in all the composites, 

though in the material made with 10% bleached wood fibers some less homogenous areas 

could be seen (Fig. 6c). The observation made from the SEM images can be confirmed from 

the optical microscopy images: the bleached wood fibers and TEMPO-oxidized fibers have 

not been fibrillated into nanofibers and, also in the film of TPS reinforced with cellulose 

nanofibers, some non-fibrillated fibers can be seen.



12
 

Fig. 6. Optical microscopy images of the TPS films reinforced with 10wt% of cellulose fibers: 

a) cellulose nanofibers, b) TEMPO-oxidized fibers, and c) bleached wood fibers.

3.2 Fiber characteristics after extrusion

After extrusion, the thermoplastic starch matrix was removed from the composites to be able 

to examine the size and morphology of the fibers more closely. Fig. 7 shows the optical 

microscopy images of the bleached wood fibers and TEMPO-oxidized fibers before and after 

twin-screw extrusion. As Fig. 7 shows, the fiber length and diameter do not seem to be 

affected much in the case of bleached cellulose fibers. The TEMPO-oxidized fibers, on the 

other hand, appear to be much shorter when compared to the fibers before extrusion, 

indicating that the aspect ratio would be lower than with bleached wood fibers.

A possible explanation for not obtaining nanofibers using these extrusion conditions can be 

the high water content of the used premixes (74%) resulting in low viscosity of the starch-

fiber melt inside the extruder, as the shear stress in a twin-screw extruder is affected by the 

viscosity of the melt, shear rate, shear stress and the duration of the stress (Kirchhof 2008, p. 

167).
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Fig. 7. Bleached wood fibers and TEMPO-oxidized fibers before compounding with starch 

and after compounding and removal of the TPS matrix. The images from TEMPO-oxidized 

fibers were taken using a polarizing filter.

 

3.3 Mechanical properties of the materials

Typical stress-strain curves of the films of neat thermoplastic starch and TPS reinforced with 

10% of cellulose nanofibers (CNF), TEMPO-oxidized fibers (TEMPO) and bleached wood 

fibers (BL.WF) are shown in Fig. 8, and the results obtained from the tensile testing are 

summarized in Table 1. From Table 1 it can be seen that the strength and the elastic modulus 

of the thermoplastic starch films was increased with the addition of all three types of cellulose 

fibers used in the study (10 wt% fiber content in the composites). The modulus was increased 

by 27-34 % and the strength by 12-16 % from the neat thermoplastic starch. However, quite 

unexpectedly, the type of cellulose fiber (bleached wood fibers, TEMPO-oxidized fibers or 

cellulose nanofibers) used in the manufacturing of the composites did not have a significant 

effect on the mechanical properties.
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Fig. 8. Typical stress-strain curves of the prepared materials.

Table 1. Mechanical properties of the films of thermoplastic starch (TPS) and thermoplastic 

starch reinforced with 10 wt% of cellulose nanofibers (CNF), TEMPO-oxidized fibers 

(TEMPO) and bleached wood fibers (BL.WF) together with standard deviations.

Material Tensile strength*

(MPa)

Young’s modulus*

(MPa)

Elongation at break*

(%)

TPS 24.2 ± 1.3a 1.36 ± 0.06a 2.6 ± 0.3a

CNF 27.2 ± 2.0b 1.83 ± 0.11b 2.2 ± 0.4a

TEMPO 28.1 ± 1.5b 1.72 ± 0.06c 2.4 ± 0.3a

BL.WF 27.9 ± 1.9b 1.79 ± 0.05bc 2.6 ± 0.4a

*Means marked with the same superscript letter within the same column are not significantly 

different at 5% significance level based on the ANOVA and Tukey-Kramer pairwise 

comparison test. 

3.4 Optical properties

Transparency can be used as an indirect measure of the size and dispersion of cellulose fibers 

in the matrix, since, if the reinforcement is not in nanoscale (non-fibrillated cellulose fibers,

aggregated nanofibers), the light transmittance of the material decreases due to the increased 

light scattering [Yano et al. 2005, Besbes et al. 2011]. Fig. 9 shows the results from the 
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UV/Vis spectroscopy of the films of neat TPS and TPS reinforced with cellulose nanofibers, 

TEMPO-oxidized fibers and bleached wood fibers. From Fig. 9 it can be seen that the light 

transmittance of the neat TPS films was very high, and it was reduced greatly with the 

addition of cellulose fibers. The thermoplastic starch reinforced with 10% cellulose 

nanofibers (CNF) had the highest transparency of the composite films. The films with 10 wt% 

of TEMPO-oxidized fibers and bleached cellulose fibers had very similar transparencies,

indicating that these films contain more non-fibrillated cellulose fibers than the film with 

cellulose nanofibers. The large difference in the transparency of the neat TPS film and the 

composites can also be partly explained by the fact that the neat TPS film had a very smooth 

surface in comparison with the films reinforced with cellulose fibers, thus reducing the 

scattering of light and increasing the light transmittance.

Fig. 9. The light transmittance of neat TPS and TPS/cellulose fiber composites with 10 wt% 

of cellulose nanofibers (CNF), TEMPO-oxidized fibers (TEMPO), and bleached wood fibers 

(BL.WF).

The transparency of the TPS and TPS/cellulose fiber films was also examined visually against 

a background image, as shown in Fig. 10.  From Fig. 10 it can be seen that all the films are

nearly transparent, despite the fact that the reinforcement is not in nanoscale in materials 

containing TEMPO-oxidized and bleached wood fibers. In addition, no visible aggregates of 

cellulose fibers or nanofibers can be seen in any of the films.  The visual transparency is 
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slightly lower in the case of TPS reinforced with bleached wood fibers (Fig. 10d) and

TEMPO-oxidized fibers (Fig. 10c) when compared to the film reinforced with cellulose 

nanofibers (Fig. 10b).

Fig. 10. Visual appearance of the films: a) thermoplastic starch, b) TPS with 10 wt% of 

cellulose nanofibers, c) TPS with 10 wt% TEMPO-oxidized fibers, and d) TPS with 10 wt% 

bleached wood fibers.

3.5 Moisture uptake

The effect of different types of cellulose fibers on the moisture absorption of the 

thermoplastic starch was determined by placing the specimen in 98 % RH for 16 days. The 

results from the moisture uptake analysis are shown in Table 2. As Table 2 shows, there were 

no significant differences between the equilibrium moisture contents of any the materials,

despite the addition of cellulose fibers and nanofibers. This kind of behavior can be explained

by the use of sorbitol as the plasticizer, as sorbitol is thought to restrict the moisture uptake of 

thermoplastic starch more than glycerol due to higher chain length and fewer end hydroxyl 

groups [Mathew et al. 2002].
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Table 2. Moisture uptake of the neat thermoplastic starch (TPS) and TPS reinforced with 

different types of cellulose fibers (10 wt%).

Material Moisture uptake (%)

TPS 40.5 ± 2.8

CNF 37.6 ± 0.6

TEMPO 37.9 ± 0.6

BL.WF 38.9 ± 1.4

 

4 Conclusions

In this study the fibrillation of cellulose fibers into micro- or nanosize fibers and the 

preparation green bionanocomposites in one twin-screw extrusion step was studied. The effect 

of the processing set-up and the fiber type on micro/nanofibrillation and fiber 

dispersion/distribution in starch was studied. The microscopy studies showed that the 

nanofibrillation of cellulose fibers was not achieved, though the size of the TEMPO-oxidized 

fibers was decreased. Tensile testing, light transmittance and moisture uptake analyses were 

used as indirect measures of the fiber size in the composites. The mechanical properties of 

thermoplastic starch were enhanced by the addition of cellulose fibers; however, the type of 

cellulose fiber (bleached wood fibers, TEMPO-oxidized fibers or cellulose nanofibers) did not 

have any significant effect on the composites’ mechanical properties. The light transmittance 

was lowest for the materials containing bleached wood fibers and TEMPO-oxidized fibers,

confirming the fact that the fibers were not nanofibrillated during the extrusion. The moisture 

uptake of the materials was not affected by the addition of cellulose fibers. 

The dispersion and distribution of fibers was good in all the composites, indicating that 

extrusion processing of cellulose nanocomposites can be done with high water content. 

However, the low viscosity resulting from high water content may explain why the 

nanofibrillation of cellulose fibers was not successful.
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