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1-1 Plastics materials 

In general, polymers are comprised of a series of a repeating unit. Prior to becoming a 

repeat unit in a polymer chain, these mall monomers include a double bond between 

two carbon atoms and four pendant groups attached to these two carbons. The term 

polymerization refers to the process of combining these monomers into very long chains 

which we know as polymers. Most of the time, this is accomplished using heat and 

pressure. Polymerization has three stages. First step, the polymer chain is initiated by a 

catalyst of some sort and the chain begins to grow. The second step is the propagation 

phase. During this stage, the monomers continue to attach to one another until the final 

stage occurs. The third stage closes the polymer chain. This usually occurs by two 

growing chains combining to form one finished polymer chain [1]. 

 

 

1-2-1 Polypropylene 

 Propylene was first polymerized by Giulio Natta and his coworkers in March 1954 [2]. 

It is the most important commercial polyolefin. Ziegler-Natta catalysts can make highly 

isotactic polypropylene. The highly isotactic polypropylene is responsible for its high 

melting temperature and crystallinity, rigidity, toughness, and heat resistance [3]. 

Currently, isotactic polypropylene(iPP) is used in various field, such as film, battery 

cases, container, crates, automotive parts, electrical components, medical are and so on 

[4]. 

The world production of PP has grown from around 1.5 million tons in the 1970’s to 

over 70.0 million tons in 2008 [5]. It is expected that the production will exceed 89.8 

million tons in 2014. Such drastic growth is due to cost performance, excellent 
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properties, strong and continuous expansion of process versatility, and environmental 

friendly processes and materials, during manufacturing, use, and polymer recycling 

process [6,7]. 

 

 

1-2-2  Syndiotactic PP 

 It has been known that PP is semi-crystalline that has an effect on morphology. The 

ability of crystallization of chain is a critical factor governing the morphology. The 

crystallinity of PP is governed primarily by the stereoregularity of the chain. In general, 

PP is classified into three types by the arrangement of the methyl group. It is defined 

meso or receme units. In the chain(Figure 1.2(a)). In the case of syndiotactic PP (sPP), 

the methyl groups have an alternating configuration with respect to the main chain 

(Figure 1.2(b)). In the  case of atactic PP, the methyl groups have random 

cofiguration(Figure 1.2(c)). 

 This stereoregularity affects not only crystal structure and physical properties but 

also oxidative degradation behavior. iPP is major commodity plastic material. However, 

it cannot be used without stabilizers because of susceptibility to air oxidation. In the 

case of industrial applications, serious problems have been raised by various molding 

processes. In the case of daily use, the product of iPP degrades over a period of week or 

months depending on the physical form, temperature, sun-light,available oxygen, 

atmospheric pollutants, and so on [8,9].  
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1-3 Polystyrene 

History of styrene and polystyrene from 1839 through 1952 appears in the 

Styrene monograph edited by Boundy and writer but now out of print. Updating of the 

story by several teams of Dow writers appeared in the Kirk-Othmer Encyclopedia, the 

Encyclopedia of Polymer Science and Technology, and the SPE Award address of Amos. 

We propose a more personalized history written from the perspective of one whose 

40-year professional career was involved in scientific and technological aspects of the 

subject. We view this history as a complex interplay of science, technology, industrial 

activity, management decisions, legal and patent activities, people, and the vagaries of 

World War II. Germany had an early industrial lead prior to 1941 with a monomer 

process and mass polymerization techniques. Original work on styrene-butadiene 

elastomers was another first. Germany also had a scientific lead as academic scientists 

Fig.1 Illustration of the stereo chemical configuration of PP  

(a) 

(b) 

(c) 
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such as Staudinger, Kern, Schulz, Jenckel, and Ueberreiter became involved in the 

chemistry and physics of styrene and polystyrene [10]. 

 

 

1-4 Polybutene 

Polybutene-1 (PB-1) was first synthesized in 1954, one year after 

polypropylene. It took another 10 years until Chemische Werke 

HULS, Germany, started the first industrial production in 1964 

(capacity: ca. 3 kt/a). Vestolen BT was introduced to the market 

soon afterward . 

 Polybutene exists in two isomeric forms depending on where the carbon double bond 

is positioned in the monomer molecule. If it is between the first and second carbon 

atoms in a linear molecule (butane-1), then the chemically accurate name of the 

resulting polymer molecule then the resulting polymer is called polyisobutylene. 

 The polymer we are concerned with is PB-1. IN the past this polymer has been 

referred to as polybutylene. PB, PB-1 and polybutene, as well as its chemically correct 

name, PB-1. PB-1 is obtained by polymerization of butane-1 with a stereospecific Z-N 

catalyst to create a linear, high molecular, isotactic, semi-crystalline polymer. PB-1 

combines the typical properties of conventional polyolefins with some characteristics of 

technical polymers. In chemical structure PB-1 differs from polyethylene and 

polypropylene only by the number of carbon atoms in the monomer molecule [11].   

 

 

 

Fig.2 Polybutene-1  
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1-5 Cellulose 

 Cellulose is the most abundant and widely used polymer in the world. As the major 

constituent of plant matter, billion of tons of it are created each year through 

photosynthesis. In the form of wood, paper, cotton textiles, rayon, film, coatings, and a 

myriad of other uses including fuel, we consume about 450,000,000 tons of cellulose per 

year [12]. 

 The cellulose is polysaccharides only consisting of glucose which is made from carbon, 

hydrogen, oxygen, and glucose is produced by the photosynthesis of the plant. In cell 

wall of the plant, hemicellulose, lignin and cellulose exist. Therefore, relative content 

rate of cellulose is 40-70% in the plant. 

 The advantage of cellulose is low cost, low density, renewability, biodegradability, 

nontoxicity. The cellulose also has attracted much attention of many researchers as 

composite materials [13-25]. In particular, the attention has recently concentrated on its 

biodegradability and renewability from the viewpoint of environmental advantage. 

Composite based o cellulose has been considered a useful way to employ such features. 

 

 

1-6-1 Carbon nanotube 

Carbon nanotubes (CNTs) are the hottest topic physics, according to a 2006 ranking of 

different scientific fields in the published literature. The interest in these objects has 

been sparked by the exceptional properties of those nano-sized objects combined with 

the ease of theoretical investigations due to the relatively limited number of atoms in 

CNTs, facilitating ab initio calculations. CNT properties reveal many interesting 

features which are very attractive for solving the technological hurdles that the 
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semiconductor industry is facing if scaling of circuits continues for another decade. The 

high current carrying capacity, high thermal conductivity and reduced charge carrier 

scattering combined with the huge resilience of CNTs promise to solve challengers in 

the interconnect area, whereas the low effective electron and hole mass, the attractive 

band gap and the absence of dangling bonds address the need of a fast, energy efficient 

and high-k dielectric-compatible device of the future [26]. 

 

 

1-6-2 Multiwall Nanotubes 

Multiwall carbon nanotubes is a little bit more complex, since it involves the various 

ways graphenes can be displayed and mutually arranged within filamentary 

morphology. A similar versatility can be expected to the usual textural versatility of 

polyaromatic solids. Their diffraction patterns are difficult to differentiate from those of 

anisotropic polyaromatic solids. The easiest MWNT to imagine is the concentric type 

(c-MWNT), in which SWNTs with regularly increasing diameters are coaxially arranged  

into a multiwall nanotube. Such nanotubes are generally formed either by the electric 

arc technique (without the need for a catalyst), by catalyst-enhanced thermal cracking 

of gaseous hydrocarbons, or by CO disproportionation [27]. 

 

 

 

 

 

 

Fig.3 (a) Structure of a single layer of graphite (graphene)  (b) single-walled carbon 

nanotube  (c) multi-walled carbon nanotube with tree shells [28] 
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1-7 Compatibiliser 

 Attention has been paid to improving the compatibility of the filler with the polymer 

matrix, by providing an interaction between the filler and the polymer, There are 

several types of “Compatibilisers”. First type, it can be chemically attached either to a 

filler (e.g.cellulose fibers), or to a polymer. Second type, it can form a covalent chemical 

bond between filler and polymer. Third type, it can help to form a sort of uniform “alloy” 

between two or several polymeric components ordinarily not very compatible with each 

other. Generally, compatibilizers can improve adhesion between fiber and plastic and 

markedly improve physical properties of the polymeric composite, its weatherability, 

and overall performance [29]. 

 

 

1-8-1 Electronically conductive polymer 

The ability of polymers to act as electrical insulators is the basis for their widespread 

use in the electrical and electronic fields, the resistivity of which is generally around 

1015Ωm. However, material designers have sought to impart conduction to polymers by 

blending insulating polymers with conductive ingredients such as carbon blacks, carbon 

fibers, metal particles or conducting polymers such as polyaniline [30]. As a 

consequence, a range of so-called conductive polymer composite has come to existence 

since the 1950s [31] with the resistivity between metallic conductor (10–7 Ω m) and 

insulating materials (1015 Ω m) [32], which can find their applications in many fields 

such as floor heating elements, electronic equipment [33, 34], important strategic 

materials such as electromagnetic interference (EMI) shielding [35], apart from the 
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conventional application of semi-conducting materials for dissipation of static electricity 

[36]. More recently conductive composites have been used for sensing components [37, 

38]. Compared with metallic conductor, conductive polymer composites have the 

advantages of ease of shaping, low density, and wide range of electrical conductivities as 

well as corrosion resistance [39]. Nowadays, carbon black particles and carbon fibers are 

the most commonly used conductive components to incorporate conduction to polymer 

composite. The reason for this is that carbon black particles have a much greater 

tendency to form a conductive network due to their chainlike aggregate structures 

compared with other conducting additives such as metal powder. Whilst carbon fibers 

may be considered as chain-like aggregates of carbon particles having long chain length 

[40]. 

 

 

1-8-2 Percolation 

Many conductive polymer composites exhibit percolation characteristic [41]. The curve 

of conductivity versus filler concentration is S-shaped, which clearly demonstrates a 

relative narrow filler loading range during which a small increase in loading will result 

in a drastic increase in conductivity. This change implies some sudden changes in the 

dispersing state of conductive particles, i.e. the coagulation of particles to form 

networks which facilitates the electrical conduction through the composites. Put in 

another way, the composite exhibits an insulator to conductor transition. The critical 

amount of filler necessary to build up a continuous conductive network and accordingly 

to make the material conductive is referred to as the percolation threshold. A critical 

aspect in the production of conductive polymer composites is the filler content, which 
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must be as low as possible and still allows the composite to fulfill its electrical 

requirements, otherwise the mixture processing becomes difficult, the mechanical 

properties of the composite are poor and the final cost is high. There are several ways to 

decrease the percolation threshold of conductive filler concentration in polymeric 

matrices, which are mainly based on the use of additives, the optimization of processing 

conditions, as well as the size, distribution and porosity of filler [42]. 
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Chapter 2 

Interface Adhesion Properties of Syndiotactic 

Polypropylene/Cellulose Group Composite: 

Relationship Between Chemical Structure of 

Coupling Agent and Reactivity for Cellulose Group 
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2-1: Introduction 

 Cellulose has been one of the most popular polymeric materials in the world and has 

been used as raw materials of building materials and paper for a long time ago. 

Cellulose is low cost, high modulus, renewable, and biodegradable material. Recently 

cellulose has attracted much attention as composite material1– 10 since it has great 

potential for the preparation of composite materials having high modulus and 

renewability. As most popular composite based on cellulose, the composite with 

polyolefin such as isotactic polypropylene (IPP) has been extensively prepared. However, 

FC is hydrophilic and tends to aggregate, causing poor processability and inherent 

incompatibility with hydrophobic polyolefin. The improvements of these properties have 

been studied on the modifications of FC surface. Silane coupling agent is one of the 

adhesion promoter and is often employed in the FC composite.11 Adequate silanization 

brings about a higher FC dispersion in the polyolefin matrix and an interface having a 

good adhesion strength. In our previous work,12 the silanized FC with APTMS showed a 

good adhesion strength to syndiotactic PP(SPP) matrix. The APTMS silanization 

brought about an excellent improvement of SPP/FC tensile properties such as the 

Young’s modulus, and the improvement degree increased with the increase of the 

APTMS content in the silanization. 

The APTMS has two kinds of bifunctional group. As shown in Figure 1, one is methoxyl 

Fig.1 Chemical structures of APTMS and HTMS. 
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group and the other is amino one. The amino group has an ability to catalyze the 

reaction between silane molecules and silanol groups to form siloxane bond.13,14 

Therefore, aminoalkoxysilane is easily polymerized.14 In addition, amino group has an 

ability to form hydrogen bonding with ROH15 or SiOH14 groups. These amino group 

functionalities are believed to contribute to the excellent improvement of SPP/FC 

tensile properties. The purpose of the present work is to clarify the effects of the APTMS 

silane coupling agent on the FC modification. The APTMS silanization certainly affects 

physical properties of the FC itself, leading to the improvement of the SPP/FC 

composite. To clarify the APTMS role, the FC silanization with hexyltrimethoxysilane 

(HTMS) having nonpolar hexyl group has been performed, and the morphology and 

the tensile properties of the SPP/silanized FC with the HTMS have been studied as 

compared with those of the SPP/silanized FC with the APTMS. The ATMS permeates 

the FC and would affect the hydrogen bonding among celluloses in it. The polarity 

difference between the APTMS and the HTMS would reveal a change of the hydrogen 

bonding among celluloses in the silanized FC. In addition, an additive effect of high 

molecular weight SPP-g-DMI on the morphology and the tensile properties of the 

SPP/FC also have been studied. The SPP-g-DMI is unable to penetrate into the FC 

because of its high molecular weight, and the reaction with the OH group in cellulose is 

confined on the FC surface. The differences between the APTMS silanization and the 

SPP-g-DMI would reveal the change of the FC itself by the silanization. Moreover, the 

SPP/silanized HC with the APTMS have prepared, and the morphology and the tensile 

properties have been also studied as compared with those obtained from the SPP/HC 

with the SPP-g-DMI additive agent. 
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2-2 Experimental 

2-2-1 Materials 

SPP was supplied by Sanwayuka Industry Co. The trade name is TOTAL 1751. The 

number-average molecular weight (Mn) and the polydispersity (Mw/Mn) were 3.5 × 104 

and 3.0, respectively. FC (W- 100GK) was donated by Nippon Paper Chemicals 

Co. Ltd. The FC was dried in desiccator for 7 days before preparation. The moisture of 

the FC was below 0.7 wt %. The FC dimensions are over 90 wt % pass 100 mesh (below 

150 μm), the average length was ~ 37μm; 3-aminopropyltrimethoxysilane (APTMS) and 

hexyltrimethoxysilane (HTMS) were purchased from Shinetsu Silicon Chemicals Co. 

The chemical structures of APTMS and HTMS are shown in Figure 1. Methanol and 

dimethyl itaconate (DMI) were purchased from Wako Pure Chemical Industry, 

respectively. Dicumyl peroxide (DCP) was purchased from Sigma Aldrich. These were 

used without further purification. 

 

 

2-2-2 Preparation of holocellulose (HC) 

A dwarf bamboo (Sasa kurilensis) was treated by chlorite to remove lignin component,16 

was enough dried in desiccator and then was ground by a vibration mill pot. The 

average length of the sample was ~ 75μm. The sample was used as ‘‘HC.’’ 

 

2-2-3 Silanization 

Mixing of 30 mL methanol solution of the silane coupling agent (APTMS or HTMS) and 

the FC (1 g) were performed using a 0.1-L glass equipped with a stirrer at 23℃ for 24 h. 

The methanol solvent was evaporated using a rotary evaporator. The samples obtained 



23 

 

were dried at 60℃ for 6h at in a vacuum oven and were used as ‘‘silanized FC or HC.’’ 

 

2-2-4 Synthesis of SPP grafted with dimethyl itaconate (SPP-g-DMI) 

The SPP was reprecipitated from a boiling xylene solution into methanol and dried at 

60℃ for 8 h and was used as the sample without antioxidant. The synthesis of 

SPP-g-DMI was carried out with an Imoto Seisakusyo IMC-1884 melting mixer. The 

SPP (2 g), DMI (0.2 g), and DCP radical initiator (0.016 g) were sequentially added, and 

their mixing was performed at 180℃

  

 

at 100 rpm for 60 min. The sample obtained was first dissolved in xylene at its refluxing 

temperature under nitrogen atmosphere, and the solution was precipitated by pouring 

into methanol. The precipitate obtained was washed repeatedly with fresh methanol, 

was dried in a vacuum oven at 60℃ for 7 h and was used as the SPP-g-DMI sample. 

The Mn and Mw/Mn were 3.3 × 104 and 2.3, respectively. The chemical structure17 is 

shown in Figure 2. The grafting rate was measured by FTIR spectroscopy 17 and was 

0.11 wt %. 

 

Fig.2 Chemical structure model of SPP-g-DMI. 
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2-2-5 X-ray photoelectron spectroscopy (XPS) measurement 

In the case XPS measurement, the silanized FC and HC were purified by a 

Soxhlet-extraction with boiling acetone for 8 h to remove the silane, which was not 

chemically bonded to the FC and HC surfaces. The X-ray photoelectron spectra of the 

silanized samples were measured by an X-ray Photoelectron Spectrometer (Rigaku 

XPS-7000) with an unmonochromated magnesium Ka source (1253.6 eV). The 

magnesium Kα source was operated at 10 kV and 5 mA or at 10 kV and 30 mA. The 

samples were mounted onto a holder with double-sided adhesive tape and placed in a 

vacuum in the range 1.33 × 10－6 to 1.33 × 10－5 Pa. The analyzed sample area was ～4 

mm × 6 mm. The atomic percentages of the elements present were derived from spectra 

run of the corresponding region. 

 

2-2-6 Preparation of composites 

Composites are prepared by an Imoto Seisakusyo IMC-1884 melting mixer. All mixtures 

were carried by each weight ratio. After a small amount of phenolic antioxidant 

(Adekastab AO-60, ~ 0.5%) was added, the mixing was performed at 150℃ at 60 rpm 

for 5 min. The composites obtained were molded into the film (100 μm) by compression 

molding at 150℃ under 4 MPa for 5 min. 

 

2-2-7 Scanning electron microscope (SEM) observation 

SEM observation was carried out with a JEOL JSM- 5800 at 20 kV. The sample was 

fractured in liquid nitrogen, and then was sputter-coated with gold. 
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2-2-8 Tensile testing 

Stress-strain behavior was observed using a SHIMADZU EZ-S at a cross-head speed of 

3 mm/min. The sample specimens were cut with dimensions 30 × 5 × 0.1 mm shape in 

which the gauge length was 10 mm. We chose the specialized specimen (like ISO 

reed-shape) to adapt to the size of our tensile testing machine. All of tensile testing was 

performed at 20℃. The values of Young’s modulus were obtained from the slope of the 

stress-strain curve (until about 1% of the strain value). All results obtained were the 

average values of ten measurements. 

 

2-3 Results and discussion 

Figure 3 shows the SEM micrographs of fractured surfaces of the SPP/FC and the 

SPP/silanized FC with the APTMS, with the HTMS and the SPP/SPPg- DMI/FC, 

respectively. As shown in Figure 3(a), large voids exist between the FC and the SPP 

matrix, suggesting that the interfacial adhesion is very poor. Whereas, the size of the 

voids dramatically decreases by the two kinds of silanization and by the addition of the 

SPP-g-DMI graft-polymer, indicating that the interfacial adhesion is certainly improved. 

It seems, however, that there are some differences in the morphology of the interface. In  
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the case of the SPP/silanized FC with the HTMS, it seems that the boundary between 

the FC and the matrix is much distinct than others. In addition, as shown in Figure 3(c), 

the cracked FCs can be observed, suggesting that the HTMS silanization brings about 

an embrittlement of the FC.  

Figure 4 shows the changes of the Young’s moduli of the SPP(70%)/silanized FC(30%) 

composites with various contents of the APTMS, the HTMS and of the SPP ((70－x) 

wt %)/SPP-g-DMI(x wt %)/FC (30 wt %) composite, respectively. In the cases of the 

SPP/silanized FC with the APTMS and the SPP/ SPP-g-DMI/FC, the Young’s moduli 

Fig.3 SEM microphotographs of the surfaces of the SPP/FC, of the SPP/silanized FC with APTMS or with HTMS, 

and of the SPP/SPP-g-DMI/FC. (a): SPP (70 wt %)/FC(30 wt %). (b): SPP (70 wt %)/silanized FC (30 wt %) with 

APTMS (2 wt %). (c): SPP (70 wt %)/silanized FC (30 wt %) with HTMS (2 wt %). (d): SPP (60 wt %)/SPP-g-DMI 

(10 wt %)/FC (30 wt %). 
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linearly increase with the increases of these agent contents, suggesting that the 

adhesive strengths of these interfaces are reinforced by the APTMS and by the 

SPP-g-DMI, respectively. Whereas, in the case of the SPP/silanized FC with the HTMS, 

the Young’s moduli reach the maximum at the 1 wt % HTMS content and then decrease 

with the HTMS content. 

Figures 5 and 6 show the changes of the tensile strengths and the elongations at break 

of the SPP (70%)/silanized FC (30%) composites with various contents of the APTMS, 

the HTMS and of the SPP ((70－x) wt %)/SPP-g-DMI (x wt %)/FC (30 wt %), respectively. 

In the case of the composite with the APTMS, the tensile strength reaches the 

maximum value at the 4 wt % APTMS content, and the elongation at break drops 

rapidly at the 5 wt % content. The embrittlement behavior is explainable in terms of the 

increase of the interface strength.7 At the 5 wt %, the interface strength is believed to 

exceed the native strength of the FC itself. Therefore, the break of the FC occurs under 

the tensile loading, leading to the crack initiation.18 In the case of the SPP ((70－x) 

wt %)/SPP-g-DMI (x wt %)/FC (30 wt %), the tensile strength linearly increases with the 

Fig.4 Young’s moduli of the SPP/silanized FC with APTMS or with HTMS, and of the SPP/SPP-g-DMI/FC (I): SPP 

(70 wt %)/silanized FC (30 wt %) with various content of APTMS. (II): SPP (70 wt %)/silanized FC (30 wt %) with 

various content of HTMS. (III): SPP ((70 _ x) wt %)/SPP-g-DMI (x wt %)/FC (30 wt %). 
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increase of the SPP-g-DMI amount, and the elongation at break linearly decreases with 

the increase of the one. 

 

 

The ester groups of the SPP-g-DMI can react with OH groups on the FC. The reaction is 

a kind of esterification reaction and produces the ester binding between them. The 

reactivity certainly depends on the SPP-g-DMI amount. The FC is gradually linked to 

the SPP-g-DMI with the increase of the additive amount, and the interface strength 

becomes stronger. Since the SPP-g-DMI has the high molecular weight, the degree of 

the entanglement between the SPP-g- DMI and the SPP chains must be considerably 

high. Therefore, the entanglement strength is believed to be higher than the FC 

strength itself. When a stress is applied to the composite, the FC must be preferentially 

fractured. In Figure 6(III), the embrittlement of the composite is likely due to the 

increase of the FC destructive deformation, by which formation of void in the SPP 

matrix is simultaneously caused.19 Whereas, in the case of SPP (70%)/silanized FC 

(30%) composites with various content of HTMS, the behavior of the tensile strength 

and the elongation at break as well as that of the Young’s modulus is considerably 

Fig.5 Tensile strengths of the SPP/silanized FC with APTMS or with HTMS, and of the SPP/SPP-g-DMI/FC (I): SPP (70 

wt %)/silanized FC (30 wt %) with various content (wt %) of APTMS. (II): SPP (70 wt %)/silanized FC (30 wt %) with 

various content (wt %) of HTMS. (III): SPP ((70－x) wt %)/SPP-g-DMI (x wt %)/FC (30 wt %). 
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strange. The tensile strengths reach the maximum at the 1 wt % HTMS content and 

then become constant with the higher content. The elongations at break reach the 

minimum at the 2 wt % HTMS content and then increase at the 5 wt %. The tensile  

behavior is considerably different as compared with other samples and would be due to 

the silanization with the HTMS. The FC is composed of cellulose aggregations. The 

cohesion force is originated from hydrogen bonding network among the celluloses. As 

shown in Figure 1, the HTMS has the nonpolar hexyl group in the chemical structure. 

The hexyl group is located at the one side chain end and converts the cellulose surface 

into hydrophobicity after the silanization. 

The HTMS silanization certainly disturbs the hydrogen bonding network among the 

celluloses. Therefore, the cohesion force among celluloses becomes weaker with the 

Fig.6 Elongations at break of the SPP/silanized FC with APTMS or with HTMS, and of the SPP/SPP-g-DMI/FC 

(I): SPP (70 wt %)/silanized FC (30 wt %) with various content (wt %) of APTMS. (II): SPP (70 wt %)/silanized 

FC (30 wt %) with various content (wt %) of HTMS. (III): SPP ((70 - x) wt %)/SPP-g-DMI (x wt %)/FC (30 wt %). 
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increase of the degree of the silanization, and the silanized FC must be embrittled. In 

fact, as mentioned above, the cracked FCs can be observed in Figure 3(c). The strange 

tensile behavior is due to the block of the inter hydrogen bonding formation by the 

HTMS silanization. When the tensile stress is applied, the weaker FC is preferentially 

deformed. Many cracks are preferentially generated in the FC, leading to the relaxation 

of strain constraint.20 That is, the constant value of the tensile strength and the 

increase of the elongations 

at break at the higher 

HTMS content are due to 

the FC embrittlement. In 

addition, it seems that the 

SPP-g-DMI is unable to 

penetrate into the FC 

because of its higher molecules. Therefore, such tensile behavior would be not exhibited 

in the SPP/ SPP-g-DMI/FC composite series. The elemental compositions obtained from 

the XPS spectra of the FC and the silanized FCs with the APTMS and the HTMS 

coupling agents are summarized in Table I. The FC has the oxygen-to-carbon (O/C) 

atomic ratio of 0.85, and its rate means that the FC is composed of pure cellulose.15,18 In 

the cases of the 2 wt % solutions, the O/C ratios for the silanized FCs with the APTMS 

and the HTMS are 0.40 and 0.76, respectively. The difference suggests that there exists 

a relationship between the chemical structure of silane coupling agent and the 

reactivity with the cellulose in the FC. These O/C ratios slightly change against the 

higher silane coupling agent concentration (5 wt %). In addition, the silanizations 

with the 5 wt % solution of the silane agents bring about the slight (~ 10%) increases of 



31 

 

the Si contents as compared with those with the 2 wt % solution. These silanizations 

with the higher concentration solution certainly raise the coverage on the cellulose. It is 

noted here that the Si content in the silanized FC with the APTMS is several times 

higher than that with the HTMS. The APTMS has the bifunctional nature13,14 and is 

likely captured by OH groups on the cellulose because of a hydrogen bonding formation 

between the cellulose and the APTMS. The covalent bond (-Si-O-C-) formation between 

them proceeds through the condensation of the hydrogen bonded APTMS. The APTMS 

shows a higher reactivity against OH group on the cellulose since the amino group 

exists in the chemical structure. In addition, since the APTMS has the bifunctional 

nature, the hydrogen bonding between the silanized and the unsilanized celluloses 

would be kept. Therefore, unlike the HTMS, the APTMS silanization does not bring 

about the FC embrittlement. The reactivity between silane agent and OH group on the 

cellulose and the keeping of the hydrogen bonding between the silanized and the 

unsilanized celluloses are certainly important for reinforcement of tensile properties in 

SPP/cellulose composite. It is noted here that the FC is composed of only pure cellulose. 

Practically cellulose materials such as wood flour are composed of not pure cellulose 

only but various impurities as well. Natural cellulose exists as a mixture of cellulose 

and hemicellulose. The mixture is called as holocellulose (HC). Since hemicellulose is 
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composed of a group of complex carbohydrates, the reactivity between the silane agents 

and the OH groups on the HC must be considerably different from that on the FC (pure 

cellulose). To study the reactivity with HC, the SPP (70%)/silanized HC (30%) 

composites with various contents of the APTMS have been prepared and, the tensile 

behavior and the morphology have been studied. In addition, the tensile behavior and 

the morphology of the SPP ((70 - x) wt %)/SPP-g-DMI (x wt %)/HC (30 wt %) also have 

been studied to clarify the reactivity between the HC and the SPPg- DMI.  

The analyses of high resolution C1s peaks of the FC, HC, and the silanized HC with 

APTMS are summarized in Table II. In the case of the C1s spectrum of the FC, it 

consists of three peaks at ~ 285, 287, and 288 eV, arising from C1 (carbon atoms to a 

carbon and/or hydrogen atoms (C-C/C-H)), C2 (carbon atoms bonded to a single oxygen 

atom, other than a carbonyl oxygen (C-OH)), and C3 (carbon atoms bonded to two 

noncarbonyl oxygen atoms or to a single carbonyl oxygen atom (O-C-O, C=O), 

respectively.15 Since the C2 (corresponding to OH group) ratio of the HC is almost the 

same as that of the FC, the amount of the OH group in the HC must be close to that in 

the FC. However, in the case of holocellulose obtained from bamboo species such as the 

Sasa kurilensis, the holocellulose is commonly composed of ~ 70% cellulose and ~ 30% 

hemicellulose, 21,22 of which major component is xylan. As shown in Figure 7, unlike 

cellulose, xylan has no 

primary alcohol having a 

higher reactivity. If the 

HC has the same amount 

of the OH group as the 

FC, the reactivity with 

Fig.7 Chemical structures of cellulose and xylane.. 
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silane agent must be considerably less. In fact, as shown in Table III, the Si content of 

the silanized HC with the APTMS is around 1.5 mol% regardless of the APTMS 

concentration. The less dependence of the concentration on the Si content suggests that 

the reactivity of the OH group in the HC is much less than that in the FC. 

Young’s moduli, tensile strengths and elongations at break of the SPP (70 

wt %)/silanized HC (30 wt %) with various content of APTMS are shown in 

Figure 8. In the cases of the Young’s modulus and the tensile strength of the 

SPP/silanized HC with the 1 wt % content, these values increase ~ 18% and 

~ 30%, respectively, as compared with those of the SPP/HC. These behaviors suggest 

Fig.8 Young’s moduli, tensile strengths, and elongations at break of the SPP (70 wt %)/silanized HC (30 wt %) 

with various content of APTMS. 

Fig.9 Young’s moduli, tensile strengths, and elongations at break of the SPP ((70 - x) wt %)/SPP-g-DMI (x wt %)/ 

HC (30 wt %). 
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that the interface between the SPP and the HC is considerably reinforced even by the 

small formation of the covalent bond (-Si-O-C-). As shown in Figure 8, these values 

are almost constant up to the 10 wt % content, suggesting that the amount of the 

covalent bond does not change with the increase of the APTMS content. It seems that 

most of an active OH group in the HC reacts with the APTMS at the 1wt %. The APTMS 

in excess of the 1 wt % hardly works as the coupling agent. Whereas, the elongations at 

break quickly decrease with the increase of the APTMS content (see Fig. 8), suggesting 

that the embrittlement of the SPP matrix is developed by the excess of the APTMS. 

Young’s moduli, tensile strengths and elongations at break of SPP ((70 - x) 

wt %)/SPP-g-DMI (x wt %)/HC (30 wt %) are shown in Figure 9. The Young’s moduli and 

the tensile strengths gradually increase with the increase of the SPP-g-DMI content. 

Fig.10 SEM microphotographs of the surfaces of the 

SPP/HC, of the SPP/silanized HC with APTMS, and of the 

SPP/SPP-g-DMI/HC. (a): SPP (70 wt %)/ HC (30 wt %). (b): 

SPP (70 wt %)/silanized FC (30 wt %) with APTMS (10 

wt %). (c): SPP (60 wt %)/SPP-g-DMI (10 wt %)/HC(30 

wt %). 
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Whereas, the elongations at break gradually decrease with the increase of the 

SPP-g-DMI content. These dependences are similar to those in SPP/SPP-g- DMI/FC and 

are, however, much lower. These results suggest that the reactivity with the OH group 

on the HC is considerably low as well as the APTMS. 

Figure 10 shows the SEM microphotographs of the surfaces of the SPP/HC, the 

SPP/silanized HC with the APTMS, and the SPP/SPP-g-DMI/HC, respectively. As 

shown in Figure 10(a), large voids exist between the HC and the SPP matrix, suggesting 

that the interfacial adhesion is very poor as well as that of the SPP/FC. In the cases of 

the SPP/silanized HC with the APTMS and of the SPP/SPP-g-DMI/HC, the size of the 

voids dramatically decreases as well as those of these FC samples (see Fig. 3), 

indicating that the interfacial adhesions are certainly improved. However, these 

boundaries between the HC and the SPP matrix are considerably distinct, 

demonstrating that the interfacial adhesion is considerably weak. 

 

2-4 Conclusions 

The reinforcement of the interfacial adhesion between the SPP and the FC was 

performed by the FC silanizations with the APTMS and the HTMS and by the addition 

of the SPP-g-DMI graft-polymer, respectively. It was confirmed that the interfacial 

adhesion was certainly improved by them. However, the reinforcement behavior was 

considerably different among these methods. In particular, the FC silanization with the 

HTMS showed the specific tensile behavior. The existence of the hexyl group in the 

HTMS led to the block of the inter hydrogen bonding in the FC. Therefore, the cohesion 

force among the celluloses became weaker with the increase of the degree of the 

silanization, and the silanized FC was embrittled. In the case of the APTMS, the 
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hydrogen bonding among the celluloses was kept because of the existence of the amino 

group. Whereas, the SPP-g-DMI was unable to penetrate into the celluloses because of 

its higher molecules, and the inter hydrogen bonding was not blocked. It was found that 

the keeping the inter hydrogen bonding among the celluloses was important for the 

reinforcement of the tensile properties such as Young’s modulus and tensile strength in 

the SPP/ FC composite. 

In addition, to study the reactivity with HC which is the mixture of cellulose and 

hemicellulose, the SPP/silanized HC with the APTMS and the SPP/ SPP-g-DMI/HC 

were prepared and, the tensile behavior and the morphology were studied. The Young’s 

moduli and the tensile strengths were considerably improved by the APTMS 

silanization and by the addition of the SPP-g-DMI, respectively. Whereas, these 

improvements hardly showed dependency on the APTMS content and the SPP-g-DMI 

amount. The behavior suggested that the each of reactivities with the OH group in the 

HC were considerably low. In the SEM observations of the SPP/silanized HC with the 

APTMS and the SPP/SPP-g-DMI/ HC, it was confirmed that these interfacial adhesion 

was certainly improved. However, these boundaries between the HC and the SPP 

matrix were considerably distinct, demonstrating that the interfacial adhesion was 

considerably weak. It was found that the reactivity of the HC was much less than that 

of the FC composing of pure cellulose. 
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Chapter 3 

Syndiotactic Polypropylene/Microfibrous Cellulose 

Composites: Effect of Filler Size on Tensile 

Properties 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 

 

3-1: Introduction 

Cellulose has been one of most popular polymeric materials in the world and is much 

attractive in low cost, high modulus, renewable, and biodegradability. The structure of 

cellulose is a branched linear polymer with a high degree of hydrogen bonding. 1 The 

crystal structure is mainly composed of cellulose-I crystal form with a parallel 

conformation of two anyhydroglucose units joined by a single b-D glycosidic linkage.2 

Some work has also found that cellulose-I is composed of a mixture of two crystal forms, 

namely cellulose-I-a and -I-b.3,4 The crystal deformation behavior has been studied with 

compacted specimens of a large number of microcrystalline cellulose particles. 

5,6 Commercially, cellulose has attracted much attention as filler material because of its 

high-modulus.7–25 The composite brings about the improvement of stiffness for pristine 

polymer. Recently, micro- and/or nano-sized cellulose such as microfibrous 

cellulose (MFC) and cellulose whisker has been studied as the new filler material by 

many investigators.17–25 The micro (nano) cellulose filler has an ability to produce the 

composite with a higher modulus and/or good transparency. In fact, cellulose is 

hydrophilic and tends to aggregate in hydrophobic polymer such as polypropylene (PP), 

causing poor processability and incompatibility. It is very difficult to prepare the 

compatible micro cellulose composite. Therefore, systematic studies on the physical 

properties of the micro cellulose composite has been hardly performed. 

 The purpose of this study is to prepare a compatible polyolefin/ MFC composite and to 

study the dependence of tensile properties on the MFC loading content. Syndiotactic 

polypropylene (SPP) was used as the polyolefin material as it had good processability 

at a low temperature (150℃)26,27 without occurrence of cellulose thermal degradation. 

However, a novel dispersion method has been required to obtain SPP/MFC composite 
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with good MFC dispersity because of the difference of polarity between both components. 

In order to prepare the compatible composite, ethanol has been used as surfactant. The 

MFC dispersity was evaluated by scanning electron microscope (SEM) measurement. 

The tensile properties were studied in comparison with those of the fibrous cellulose 

(FC) composite and of the theoretical value obtained from the Halpin-Tsai equation. In 

addition, the MFC loading effects on the crystallization and crystal morphology were 

studied by differential scanning calorimetry (DSC) and wide-angle X-ray diffraction 

(WAXD) measurements. 

 

 

3-2: Experimental 

3-2-1: Materials 

 SPP was supplied by Sanwayuka Industry Co. The trade name is TOTAL 1751. The 

number-average molecular weight (Mn) and the polydispersity (Mw/Mn) were 3.5 × 104 

and 3.0, respectively. MFC (KY-100 G: solid paste state (dried MFC/water . 10 wt 

%/90 wt %)) was purchased from Daicel FineChen Ltd. The fiber diameter of the MFC is 

10–100 nm (see Figure 1). The length is about 1–10 μm. FC (W-100GK) was donated by 

Nippon Paper Chemicals. The FC was dried in desiccator for 7 days before preparation. 

The moisture of the FC was below 0.7 wt %. The FC dimensions are over 90 wt % pass 

100 mesh (below 150 μm), the average length was about 37 μm. Ethanol was purchased 

from Wako Pure Chemical Industry, respectively. 

 

3-2-2: Preparations of MFC Samples 

 Two kinds of the MFC were used in this study. They were named as ‘‘MFC’’ and 
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‘‘ethanol swelled MFC,’’ respectively. The MFC (KY-100 G) was solid paste containing 

water as mentioned above. The preparation of the ethanol swelled MFC was as follows: 

The MFC was poured into a lot of ethanol solvent and was vigorously stirred. The MFC 

exchanged was separated from ethanol solvent by a suction filtration and was in a solid 

paste state (MFC/ethanol = 10 wt %/90 wt %). The ethanol swelled paste was used as 

‘‘ethanol swelled MFC’’ in this study. 

 

3-2-3: Preparation of Composites 

Composites are prepared by an Imoto Seisakusyo IMC-1884 melting mixer. All mixtures 

(total weight 5 g) were carried by each weight ratio. After a small amount of phenolic 

antioxidant (Adekastab AO-60, ca. 0.5%) was added, the mixing was performed at 150℃ 

at 60 rpm for 5 min except the SPP/ethanol swelled MFC composite. In the case of the 

SPP/ethanol swelled MFC composite, the mixing was performed at 165℃ at 60 rpm for 

10 min because the ethanol volatilization brought about the decrease of the mixing 

temperature. First, the SPP was put into the melting mixer, and then the MFC ethanol 

solid paste was added with letting the ethanol vapor out. The composites obtained were 

molded into the film (100 μm) by compression molding at 150℃ under 40 MPa for 5 

min. 

 

3-2-4: Scanning Electron Microscope Observation 

SEM observation was carried out with a JEOL JSM-5800 at 20kV. The composite was 

molded into the plate (ca.500 μm) by compression molding at 150℃ under 40 MPa for 5 

min. The plate obtained was fractured in liquid nitrogen, was trimmed by a microtome, 

and then the fractured surface was sputter-coated with gold. 
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3-2-5: Differential Scanning Calorimetry Measurement 

DSC measurements were made with a Shimadzu DSC-60. The film (thickness: 100 μm) 

samples of about 2 mg weight were sealed in aluminum pans. The measurements of the 

samples were carried out at heating and cooling rates of 10℃/min under a nitrogen 

atmosphere, respectively. From the thermogram, melting temperature (Tm) and fusion 

enthalpy (ΔH) were determined. The crystallinity (Xc) of the SPP part in the composite 

was obtained by using the relationship:28
_
 

Xc = (ΔH /ΔH°)・(100/w)                          (1) 

where ΔH°=109.3 J/g for 100% crystalline SPP was taken,29 and w is the mass fraction 

of SPP in the composite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 SEM microphotograph of MFC. Fig. 2 DSC curves of heating scans for SPP, 

MFC(drying), and FC. 
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3-2-6: Wide-Angle X-ray Diffraction Measurement 

WAXD diffractograms were recorded in reflection geometry at 2°(2 theta/min) under 

Ni-filtered Cu Ka radiation using a RIGAKUXG-RINT 1200 diffractometer. The MFC 

was molded into the film (100 μm) by compression molding at r.t. under 5 MPa for 7 min 

and then sufficiently dried at r.t. In the case of FC sample, the FC was sufficiently dried 

at r.t. without compression molding. They were measured by the WAXD device. These 

crystallinity values were estimated from the WAXD profiles according to 

Ant-Wuorinen’s report.30 The WAXD measurement of the composite was carried out 

with the 100 μm film. 

 

 

 

3-2-7: Tensile Testing 

Stress-strain behavior was observed using a SHIMADZU EZ-S at a cross-head speed of 

3 mm/min. The sample specimens were cut with dimensions 30 × 5 × 0.1 mm shape in 

which the gage length was 10 mm. We chose the specialized specimen (like ISO 

Fig. 3 WAXD profiles of MFC and FC. Fig. 4 SEM microphotographs of the surfaces of the SPP(98 

wt %)/water swelled MFC(2 wt %). 
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reed-shape) to adapt to the size of our tensile testing machine. All of tensile testing were 

performed at 20℃. The values of Young’s modulus were obtained from the tangent slope 

of the stress-strain curve (until about 1% of the strain value). All results obtained were 

the average values of ten measurements. 

 

 

3-3: Results and Discussion 

Figure 2 showed the DSC curves of the SPP, MFC, and FC. The SPP melting 

temperature (Tm) is 130℃, and the other materials have no Tm. All materials have no 

exothermal peaks, showing pyrolysis does not occur up to 170℃. These results indicate 

that thermal deterioration of the cellulose materials does not occur under the composite 

preparation process. Figure 3 showed the WAXD profiles of the MFC and FC. Both of 

them show typical cellulose-I crystal form,31 and their crystallinity values of the MFC 

and the FC are 62% and 53%, respectively. 

 

 

 

 

 

 

 

 

 

 
Fig. 5 Plausible mechanism of MFC dispersion in polyolefin using various lubricants. 
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Figure 4 showed the SEM micrograph of the SPP(98 wt %)/ MFC(2 wt %) surface. An 

aggregated MFC (ca. 15 μm) can be also observed, and the interface between the MFC 

and SPP matrix is defined. In the melt mixing process, the presence of water acts as a 

lubricant and supports the MFC dispersion.20 In this work, the effect is less due to the 

low screw speed (60 rpm). The water lubricant method requires high screw speed to 

obtain good MFC dispersity in polyolefin matrix such as polyethylene.20 As shown in 

Figure 5, the requirement is due to low solubility of water against polyolefin, and the 

water lubricant brings about a phase separation structure in this melt mixing process. 

The water domain size certainly depends on the magnitude of shear stress produced by 

the screw. The larger domain includes many MFCs. After the water vaporization in the 

melt mixing process, the aggregated MFCs are left at the imprint of the domain, leading 

to the lower dispersity. Although the higher screw speed is desirable in terms of 

dispersity, it simultaneously brings about thermal deterioration of MFC.20 As another 

method to get the good MFC dispersity, there is a surfactant application. Ljungberg et 

al. reported that phosphoric ester of polyoxyethylene-9-nonylphenyl ether (BNA) was 

useful as a surfactant to prepare PP/MFC composite showing a good MFC  

Fig. 6 SEM microphotographs of the surfaces of the SPP/ethanol swelled MFC. (a): SPP (80 wt %)/ethanol 

swelled (20 wt %). (b): SPP (60 wt %)/ ethanol swelled (40 wt %). 



47 

 

 

dispersity.18,19 The BNA surfactant can bring about the good MFC dispersity even by 

cast film methods,18,19 suggesting that it has an ability to produce the SPP/MFC 

composite with a welldispersed MFC even at the low screw speed. However, the BNA 

with such molecular weight would certainly remain in the SPP/ MFC composite and 

would affect the properties.19 It is inappropriate to add much amount of such surfactant 

into the SPP/ MFC composite in terms of the properties such as tensile one. 

A surfactant showing high volatility must be required to prepare the SPP/MFC 

composite with a high MFC content at low screw speed. As such surfactant, ethanol is 

considered because it is compatible for both of water and hydrocarbon and has a low 

boiling point (80℃) required for rapid volatilization. As shown in Figure 5, the 

application of the MFC ethanol solid paste has a potential for providing the good 

dispersity in the SPP matrix even at low screw speed. Figure 6 showed the SEM 

microphotographs of the surfaces of the SPP (80 wt %)/ethanol swelled MFC (20 wt %) 

and SPP (60 wt %)/ethanol swelled MFC (40 wt %). The aggregated MFC parts are not 

observed in both of the microphotographs. These results suggest that ethanol acts as 

a good surfactant for MFC. 

All of the stress-strain curves of the SPP/ethanol swelled MFC and SPP/FC composites 

Fig. 7 Stress-strain curves of SPP/ethanol swelled MFC and SPP/FC composites with various cellulose 

filler content. 
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were plotted in Figure 7. Figure 8 

showed the plot of Young’s modulus 

versus MFC or FC content (vol %) for 

the SPP composites. The Young’s 

moduli of both of the SPP composites 

are increasing with the increase of the 

MFC or FC content. The effect of the 

MFC loading on the Young’s modulus 

is higher than that of the FC one, and 

the values of the 6.1 vol % (10 wt %), 12.7 

vol %(20 wt %) and (30 wt %) MFC content 

are 117, 140, and 117% higher than those 

of the FC, respectively. Effect of filler 

material on Young’s modulus can be estmated by the Halpin-Tsai equation.32–34 

 

                                                                             (2) 

 

in which 

 (3) 

                                                                             (4) 

where M, M1, and M2 are moduli of the composite, SPP matrix, and MFC or FC filler 

component, respectively; φ is the volume fraction (vol %) of component; kE is the 

Einstein coefficient; A is the transference efficiency from the matrix to the filler. The M1 

(268 MPa) was directly obtained from the SPP sample, and the M2 (9.2 GPa) was 

Fig. 8 Young’s modulus of SPP composite against MFC or 

FC content (vol %). Broken curve: The Halpin-Tsai 

equation. MFC or FC . 10, 20, 30, and 40 wt % 

corresponding to . 6.1, 12.7, 19.9, and 27.9 vol %, 

respectively. Preparation of SPP (60 wt %)/FC (40 wt %) 

composite was impossible. 
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assumed as Young’s modulus of microcrystalline cellulose.6 kE has a strong correlation 

with Poisson’s ratio m. m of composite is approximately given by a mixture rule:35 

 

 

 

                                                                            (5) 

where vm and vf  are the Poisson’s ratios of matrix (SPP) and filler (MFC or FC), 

respectively; φm and φf are the volume fractions of matrix and filler, respectively. The 

Poisson’s ratios used in this approach having the following values: vm . 0.3836 and  

vf. = 0.30.36 The v obtained is from 0.36 to 0.38. According to the data of Nielsen,34 in a 

rigid matrix having near v value (0.35), the Einstein coefficient kE was 3.81. Therefore, 

in this study, the m and the kE have been regarded as 0.35 and 3.81, respectively, 

and the values of A and B have been estimated form eqs. (3) and (4). The Halpin-Tsai 

Fig. 9 Comparisons of tensile strengths and elongations at break of SPP/ethanol swelled MFC and SPP/FC 

composites with various cellulose filler content. The elongation at break of the SPP is 200% over. 

Preparation of SPP (60 wt %)/FC (40 wt %) composite was impossible. 
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equation obtained was plotted in Figures 8. Interestingly, the Young’s moduli of the 

SPP/ethanol swelled MFC composites are higher than those of the Halpin- Tsai 

equation. The values of the 6.1 vol % (10 wt %), 12.7 vol % (20 wt %), 19.9 vol % (30 

wt %), and 27.9 vol % (40 wt %) MFC content are 0.9%, 9.3, 12.2, and 23.9% higher than 

those of the Halpin-Tsai equation, respectively. The gap between the measured and 

Halpin-Tsai equation values is markedly increased with the increase of the MFC 

content. In contrast, the Young’s moduli of the SPP/FC composites are lower than those 

of the Halpin-Tsai equation. The difference of the tensile behavior between the MFC 

and FC composites would be mainly originated from total interface surface area. The 

total surface area of the MFC is much larger than that of the FC because of the much 

smaller size (see Experimental section). Therefore, the total friction force acting on the 

MFC is much larger, and a shear stress from the SPP matrix is efficiently applied to the 

MFC filler. Figure 9 showed the comparisons of the tensile strengths and elongations at 

break of the SPP/ethanol swelled MFC and SPP/FC composites with various MFC or FC 

content. The tensile strength of the SPP/ethanol swelled MFC certainly increases with 

the increase of the MFC content, and the dependence of the elongation at break on the 

MFC content is less. It seems that the interfacial defect such as void is hard to produce. 

In contrast, the dependence of the tensile strength on the FC content is less, and the 

elongation at break rapidly decreases with increase of the FC content. The behavior 

suggests that the shear stress from the SPP matrix is inefficiently applied to the FC by 

blocking of the interfacial defect such as void. In fact, the SEM microphotograph of the 

SPP/FC showed that a large void existed between the FC and the SPP matrix. When the 

tensile stress is applied to the SPP/FC, the transmission of the applied stress is 

prevented by the void. The elongations at break of the 10 wt % and 20 wt % FC content  
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are 32.3 ± 15.1% and 24. ± 1.2%, respectively and are considerably higher than those of 

the MFC composites with the same content. The deformation of only the SPP matrix 

occurs during the tensile testing in the SPP/FC, resulting that the SPP/FC shows the 

much greater elongation. 

 

 

 

 

 

 

Fig. 10 DSC curves of heating scans for SPP/FC (top) and 

SPP/ethanol swelled MFC (bottom) composites. The 

numeric characters on the curves are FC or MFC wt % in 

composites. The endothermal peaks are corresponding to 

melting temperatures (Tm). 

Fig. 11 DSC curves of cooling scans for SPP/FC (top) and 

SPP/ethanol swelled MFC (bottom) composites. The 

numeric characters on the curves are FC or MFC wt % in 

composites. The exothermal peaks are corresponding to 

crystallization temperatures (Tc). 

Table Ⅰ. Melting Temperature (Tm), Fusion 

Enthalpy (ΔH), Crystallinity (Xc), and 

Crystallization Temperature (Tc) of 

SPP/Ethanol Swelled MFC and SPP/FC 

Composites 
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The Young’s moduli of the SPP/ethanol swelled MFC composites exceed the theoretical 

ones obtained from the Halpin-Tsai equation. The phenomenon would be explainable in 

terms of an increase of the Young’s modulus of the SPP matrix. Figures 10 and 11 

showed the DSC curves around the melting (Tm) and crystallization (Tc) temperatures, 

respectively. These results were summarized in Table I. The Tm values are lowered 

from 130℃ to 127℃. The declining trend in Tm is exhibited up to the 20 wt % MFC or 

FC content, and then their Tm values are almost constant at 130℃. Interestingly, there 

is a difference between the ethanol swelled MFC and FC composites in the content 

dependence of the crystallinity (Xc). The Xc of the ethanol swelled MFC composite 

rapidly increases up to the 20 wt % content and then is saturated at about 31%. The Tc 

increasing tendency is similar to that of the Xc. The Young’s modulus gap between the 

measured and Halpin-Tsai equation values is markedly increased with the increase of 

the MFC content. The Xc increment leads to an increase of the Young’s modulus of the 

SPP matrix itself, causing the excessive increase of that of the SPP/ ethanol swelled 

MFC composite. It is well known that crystallinity and crystallization rate of polymer 

materials increase with nucleating agent effect.28,37–39 Therefore, the Xc and Tc 

increment indicates that the MFC certainly acts as a nucleating agent for SPP. There is 

an interaction between cellulose and isotactic polypropylene (IPP) at a molecular level.38 

Cellulose surface has many the a-nucleation sites formed by the interaction, resulting 

that the IPP transcrystallization occurs.38 It seems that the interaction acts as the 

a-nucleation site for the crystallization in SPP as well as IPP.28 In particular, the MFC 

has a good ability to act as the a-nucleation agent because of its large total surface area. 

As shown in Figure 12, the main peaks corresponding to SPP crystal form in the profiles 

of the SPP/ethanol swelled MFC composites are at 2θ = 12.2°, 15.9°, and 20.6° 
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(corresponding to orthorhombic 

a-form (Form I)),40 respectively, and 

their peak location coincides with that 

of the pristine SPP. The 

WAXD profiles suggest that the MFC 

has only the a-nucleating effect on SPP. 

The MFC existence induces the a-form 

crystallization of a less crystallizable 

part in the SPP matrix, resulting that 

the SPP crystals with a lower degree of 

perfection, i.e., thicker lamellar, is 

produced. The apparent Tm shifts to a 

lower temperature by the increase in 

population of such SPP crystals. A degree 

of lowering of the apparent Tm reflects the α-nucleating effect. The a-nucleation effect 

such as the Xc and Tc increment is saturated over the 20 wt % MFC loading content. The 

aturation behavior is originated from the microstructured (nanostructured) cellulose 

surface since the FC with less total surface area does not show it. The population of the 

a-nucleation site at the 20 wt % MFC content reaches a concentration sufficient to 

crystallize all of crystallizable SPP part. The higher deviation from the Halpin-Tsai 

equation is originated from the Young’s modulus change of the SPP matrix induced by 

the crystallinity change from 22% to 31%. It is found that the loading of the MFC brings 

about the Young’s modulus improvement of the SPP with both of the higher modulus of 

MFC itself and the α-nucleating effect for the matrix. 

Fig. 12. WAXD profiles of SPP and SPP/ethanol swelled 

MFC composites. (a): SPP. (b): SPP (80 wt %)/ethanol swelled 

(20 wt %). (c): SPP (60 wt %)/ethanol swelled (40 wt %). 
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3-4: Conclusions 

The morphology and tensile properties of the SPP/ethanol swelled MFC composite were 

studied as compared with those of the SPP/FC one. The aggregated MFC part was not 

observed in the SEM microphotographs, and the Young’s modulus of the composite was 

exponentially increasing with the increase of the MFC content. These results suggested 

that the MFC was welldispersed in the SPP matrix by ethanol surfactant. The effect of 

the MFC loading on the Young’s modulus was much higher than that of the FC one. The 

Young’s modulus of the SPP/ ethanol swelled MFC composite exceeded the theoretical 

one obtained from the Halpin-Tsai equation. The MFC acted as a good a-nucleation 

agent for SPP because of its large total surface area. The excessive Young’s modulus of 

the MFC composite was originated from an increase of that of the SPP matrix 

induced by the a-nucleation effect. 
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Chapter 4 

Additive effects of tripalmitin and low-density 

polyethylene on morphologies and tensile 

properties of polybutene-1/micro fibrous cellulose 

composite 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



58 

 

4-1 Introduction 

Cellulose has been one of the most popular polymeric materials in the world and has 

been used as raw materials of commercial materials for a long time ago. It has attracted 

much attention as a composite material 1–4 since it has great potential for the 

preparation of composite materials having high-modulus and renewability. As most 

popular composite based on cellulose, the composite with polyolefin has been 

extensively investigated by many researchers 1–7. In particular, polypropylene 

(PP) and polyethylene (PE) have been often employed as the raw materials, and the 

tensile properties and morphologies of their cellulose composites have been studied 

in detailed. However, the composite with other polyolefin such as polybutene-1 

(PB) has been little studied. Recently, Afrifah et al. 8 reported that the PB/ 

cellulose composite showed processability, elongation at breaks, impact strength 

and adhesion superior to those of the PP/- and PE/cellulose composites. These 

unique properties are due to specific feature of PB. It is polymorphic and has mainly 

two kinds of crystalline form 9–19. One is the stable hexagonal crystal form (I), 

the other is the metastable tetragonal one (II). It spontaneously exhibits a crystal 

phase transformation from II to I crystal forms 9–19. 

In our previous work, we have succeeded in the preparation of PB/MFC 

composite with a good dispersity by tripalmitin (TP) 20. TP is a kind of plant wax 

and is the triglyceride of palmitic acid. The molecular structure is composed of three 

hydrophobic hexadecanyl chains and hydrophobic triglyceride group linking the 

chains. It is crystallizable and has a melting point (>65℃) 21. These characteristics 

provide miscibility with butterfat, and the TP/butterfat blend shows barrier properties 

with respect to moisture 22. It worked as compatibilizer between PB and micro fibrous 
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cellulose (MFC) because of the amphipathicity, and its loading provided a good 

dispersibility and ductility enhancement for PB/MFC composite 20. However, effects of 

the loading on the tensile properties of the PB/MFC during the PB crystal phase 

transformation have not been clarified yet. 

The purpose of the present work has been to clarify effects of the TP loading on 

the tensile properties of the PB/MFC with various MFC content during the PB 

crystal phase transformation. In addition, the effects of low-density polyethylene 

(LDPE) loading on the tensile properties of the PB/MFC have been studied as well as 

those of the loading since LDPE and PB polymer blend have commercially used as peel 

film materials 23. In this study, the behavior of the crystal phase transformation has 

been studied by wide-angle X-ray diffraction (WAXD) measurement. The morphologies, 

the tensile and thermal decomposition properties have been by scanning electron 

microscope (SEM) and tensile testing, respectively. 

 

 

4-2 Experimental 

4-2-1 Materials 

Pb was supplied by Mitsui Chemicals, Inc. The density was 0.915 g/cm3, and melt flow 

rate (MFR) was 1.8 g/10 min. TP was purchased from Wako Pure Chemical Industry. 

LDPE was purchased from Sigma-Aldrich Co. LLC. The density was 0.925 g/cm3, and 

melt index (MI) was 25 g/10 min. These were used without further purification. MFC 

[KY-100G: solid paste state (dried MFC/water = 10/ 90 wt%)] was purchased from 

Daicel FineChen Ltd. The fiber diameter of the MFC is 10–100 nm. The MFC 

(KY-100G) was solid paste containing water as mentioned above. The preparation of the 
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ethanol swelled MFC was as follows: The MFC was poured into a lot of ethanol solvent 

and was vigorously stirred. The MFC exchanged was separated from ethanol solvent by 

a suction filtration and was in a solid paste state (dried MFC/ethanol = 10/90 wt%). The 

ethanol swelled paste was employed as ‘‘MFC’’ in this study. 

 

4-2-2 Preparations of polymer blend and composite 

Polymer blends (PB/TP and PB/LDPE) were prepared by an Imoto Seisakusyo 

IMC-1884 melting mixer. All mixtures were carried by each weight ratio. After a small 

amount of phenolic antioxidant (Adekastab AO-60, ca. 0.5 %) was added, all mixing was 

performed. The mixing of the PB and TP or LDPE was performed at 150 ℃ at 60 rpm 

for 5 min. The blends obtained was molded into the film by compression molding at 

150 ℃ under 10 MPa for 5 min and then were quickly quenched into a water bath. 

Polymer composites (PB/MFC, PB/TP/MFC and PB/LDPE/MFC) were prepared 

by the same melting mixer. All mixtures were performed by each weight ratio. After 

a small amount of phenolic antioxidant (Adekastab AO-60, ca. 0.5 %) was added, 

all mixing was performed. The mixing was performed at 150 ℃ at 60 rpm for 

5 min. The composites obtained were molded into the film by compression molding 

at 180 ℃ under 10 MPa for 5 min and then were quickly quenched into a water bath. 

 

4-2-3 SEM observation 

SEM observation was carried out with a JEOL JSM-5800 at 20 kV. The plate 

(thickness: 500 μm) samples were fractured in liquid nitrogen, and then the fractured 

surfaces were sputter-coated with gold. 

 



61 

 

4-2-4 Tensile testing 

Stress–strain behavior was observed using a SHIMADZU EZ-S at a cross-head speed of 

3 mm/min. The sample specimens were cut with dimensions 30 × 5 × 0.1 mm shape in 

which the gauge length was 10 mm. We chose the specialized specimen (like ISO 

reed-shape) to adapt to the size of our tensile testing machine. All of tensile testing was 

performed at 20 ℃. The values of Young’s modulus were obtained from the slope of the 

stress–strain curve (until about 1 % of the strain value). All results obtained were the 

average values of three measurements. 

 

4-2-5 WAXD measurement 

WAXD diffractograms of the film (thickness: 100 μm) samples were recorded in 

reflection geometry at 2°(2θ/min) under Ni-filtered Cu Ka radiation using a 

RIGAKUXG-RINT 1200 diffractometer. 

 

 

4-3 Results and discussion 

Figure 1 shows the SEM microphotograph of MFC. The fiber diameter of the MFC 

is 10–100 nm, and the fibers get entangled with each other. The microphotograph of 

fractured surface of the PB/MFC (10 %) shows the MFC entanglement. Although 

large aggregation of the MFC hardly occurs, it seems that the dispersity in PB is not 

so well 20. 

Figure 2 shows the Young’s moduli and of PB/MFC with various MFC loading 

and those of their aged ones. In previous study 24, loading of an ordinary size (ca. 

100 μm) fibrous cellulose brought about an increase (ca. 150 %) of the Young’s 
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modulus. The MFC loading brings about the higher increment. For example, the 

value increases up to ca. 760 % at the 50 % loading without the aging treatment. PB 

crystal phase transformation from the metastable tetragonal (II) to the stable 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

hexagonal (I) one is certainly caused by the aging, leading to the Young’s modulus 

increment 24. Interestingly, the loading and crystal phase transformation work 

synergistically in increasing the Young’s modulus. As shown in Fig. 3, however, they 

simultaneously bring about the rapid embrittlement because of poor interface strength 

between the PB and MFC. 

 

 

Fig. 1 SEM microphotographs of MFC and fractured surface of PB/MFC: MFC loading = 10 wt%/PB 
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 Figure 4 shows the SEM microphotograph of fractured surface of the PB/TP 

(10 %)/MFC (10 %). Overall, there is difficulty in viewing the MFC clearly, however, the 

isolated fibers can be certainly observed. The dispersibility is certainly improved by the 

TP, showing that the TP works as a good compatibilizer for the PB/ MFC composite 20. 

Figure 5 shows the Young’s moduli of the PB/TP (10 %)/ MFC with various MFC loading 

and those of their aged ones. The loading brings about the increment as well as the 

PB/MFC. The values are approximately 90 % of those of the PB/MFC up to 20 % MFC  

 

 

 

 

Fig. 2 Comparison of Young’s moduli of PB/MFC films and their aged ones. Aging temperature = r. t.(ca. 20℃) 
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loading without the aging treatment. The MFC (30 %) composite shows the slightly 

larger modulus although the error of the value is bigger. The moduli of the MFC (40 %) 

and MFC (50 %) are 74 and 73 % of those of the corresponding PB/MFC, respectively. It 

seems that the 10 % TP loading is too small to cover much amount of the MFC. These 

Young’s moduli remarkably increase with the increase of aging time as well as those of 

the PB/MFC. Figure 6 shows the changes of I/II peak intensity ratio of various samples 

at r. t. (ca. 20℃). The I/II intensity ratio of the PB/MFC (10 %) is lower than that of the 

PB up the 72 h aging time, whereas, as a whole, that of the PB/TP (10 %) is higher. The 

results indicate that the MFC brocks the II–I crystal phase transformation during the 

initial aging, and the TP enhances the one. As shown in Fig. 6, the peak intensity ratio 

Fig. 3 Comparison of elongation at break values of PB/MFC films and their aged ones. Aging temperature = r. t. 

(ca. 20℃) 
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of the PB/TP (10 %)/MFC (10 %) is distinctly higher than of the PB, showing the TP  

enhancement effect strongly appears. The behavior shows that the interface between 

the PB and MFC is certainly composed of TP component, supporting that the TP works 

as the good compatibilizer. In addition, the I/II intensity ratio of the PB/TP (10 %)/MFC 

(10 %) is considerably higher than that of the PB/TP (10 %) during all of the aging time. 

The behavior suggests that the TP in the PB/TP (10 %)/ MFC (10 %) is well dispersed 

due to its attaching to the MFC. As shown in Fig. 7, the elongation at break values of 

the PB/TP (10 %)/MFC are 99–281 % of those of the corresponding PB/MFC. The TP 

certainly works as plasticizer for PB 20. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 SEM microphotograph of fractured surface of PB/TP (10 %)/MFC: TP content (wt%/PB), MFC loading = 10 wt%/PB 
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Fig. 5 Comparison of Young’s moduli of PB/TP (10 %)/MFC films and their aged ones. TP content (wt%/PB). Aging 

temperature = r. t. (ca. 20 ℃) 

Fig. 6 Changes of I/II peak intensity ratio of various samples at r. t. (ca. 20 ℃). TP and MFC contents (wt%/PB) 
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Fig. 7 Comparison of elongation at break values of PB/TP (10 %)/MFC films and their aged ones. TP content 

(wt%/PB). Aging temperature = r. t. (ca. 20 ℃) 

Fig. 8 SEM microphotograph of fractured surface of PB/TP (30 %)/MFC: TP content (wt%/PB), MFC loading = 10 

wt%/PB 
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Figure 8 shows the SEM microphotograph of fractured surface of the PB/TP 

(30 %)/MFC (10 %). Many white MFC fibers can be observed. As compared with the 

MFC in the PB/TP (10 %)/MFC (10 %), the shape is defined and is thicker, suggesting 

that more TP attaches to the MFC. Figure 9 shows the Young’s moduli of the PB/TP 

(30 %)/MFC with various MFC content and those of their aged ones. The moduli are 91–

147 % of the corresponding PB/MFC without the aging treatment, and the aged those of 

MFC = 40 and 50 % content showed the slightly lower (73–93 %) moduli. In addition, as 

shown in Fig. 10, the elongation at break values of the PB/TP (30 %)/MFC are 38–94 % 

of those of the corresponding PB/TP (10 %)/MFC. The TP 30 % loading little improve the 

tensile properties of PB/MFC as compared with the 10 % loading.  

 

Fig. 9 Comparison of Young’s moduli of PB/TP (30 %)/MFC films and their aged ones. TP content (wt%/PB). Aging 

temperature = r. t. (ca. 20 ℃) 
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The TP loading brings about the good dispersibility of MFC and works plasticizer for 

PB. However, the TP interface strength is poor due to low molecule. It seems that 

polymeric interface is favorable for enhancement of the tensile properties such as  

Fig. 9 Comparison of Young’s moduli of PB/TP (30 %)/MFC films and their aged ones. TP content (wt%/PB). Aging 

temperature = r. t. (ca. 20 ℃) 

Fig. 10 Comparison of elongation at break values of PB/TP (30 %)/MFC films and their aged ones. TP content 

(wt%/PB). Aging temperature = r. t. (ca. 20℃ ) 

Fig. 11 Interface structures of TP/MFC and LDPE/MFC 
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Young’s modulus. LDPE and PB polymer blend has been commercially used for peel 

film packages although it shows thermodynamic immiscibility [23]. It seems that the 

interface between LDPE and PB has a certain level of adhesive strength due to unique 

nature of LDPE crystal orientation [23]. The LDPE loading has a potential to improve 

the tensile properties of the PB/MFC composite. Figure 11 shows the interface  

Fig. 12 SEM microphotograph of fractured surface of PB/LDPE (10 %)/MFC: LDPE content (wt%/PB), MFC loading = 10 wt%/PB 

Fig. 13 Changes of I/II peak intensity ratio of various samples at r. t. (ca. 20 ℃). LDPE and MFC contents (wt%/ PB) 
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structures of TP/MFC and LDPE/MFC. LDPE molecular structure is similar to TP one, 

however, it does not contain ester group. As shown in Fig. 11, the TP chain can attach to 

MFC surface with hydrogen bond. The LDPE chain attachment has no choice but to use 

Van der Waals bond and leads to the transcrystallization due to its high crystallization 

nature. The LDPE transcrystal grows, and the MFC surface is covered with spines of 

the transcrystal. It seems that the interface strength between the PB and MFC is 

physically improved by the existence of the LDPE spine. As shown in Fig. 12, the SEM 

microphotograph of fractured surface of the PB/LDPE (10 %)/MFC (10 %) shows the 

MFC entanglement as well as that of the PB/MFC (10 %). Although large aggregation of 

the MFC hardly occurs, the dispersity in the PB matrix is considerably poor as 

compared with that of the PB/TP (10 %)/MFC (10 %). Figure 13 shows the changes 

Fig. 14 Comparison of Young’s moduli of PB/LDPE (10 %)/MFC films and their aged ones. TP content (wt%/PB). Aging 

temperature = r. t. (ca. 20 ℃) 
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of I/II peak intensity ratio of various samples. The I/II intensity ratio of the PB/ 

LDPE (10 %) is higher than that of the PB, and that of the PB/LDPE (10 %)/MFC 

(10 %) is much higher. The behavior is the same as the PB/TP (10 %) and PB/TP 

(10 %)/MFC (10 %), suggesting that the LDPE exists in the interface between the 

PB and MFC. Figure 14 shows the Young’s moduli the of PB/LDPE (10 %)/MFC 

with various MFC content and those of their aged ones. The moduli are 5–51 % 

higher than those of the corresponding PB/MFC without the aging treatment. The 

modulus of the MFC (50 %) loading is reached up to ca. 1 GPa, and its value is 

151 % of that of the PB/MFC (50 %). The moduli of the PB/TP (10 %)/MFC 

(50 %) and PB/TP (30 %)/MFC (50 %) are 485 and 606 GPa, respectively and are 

considerably lower. The superiority is certainly kept up to the 48 h aging treatment 

and is lost at the 98 h one. The phase separation between PB and LDPE is 

developed by the II–I crystal phase transformation, and the interface strength 

becomes week. Figure 15 shows the elongation at break values of the PB/LDPE 

(10 %)/MFC films and their aged ones. The values of the PB/LDPE (10 %)/MFC 

are 48–139 % of those of the corresponding PB/MFC. The improvement effect of 

the LDPE loading on the elongation at break value is considerably less than that of 

the TP loading. The composite rapidly becomes embrittlement by the higher MFC 

content and aging. 
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Fig. 15 Comparison of elongation at break of PB/LDPE (10 %)/MFC films and their aged ones. TP content (wt%/PB). Aging 

temperature = r. t. (ca. 20 ℃) 
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4-4 Conclusions 

In this work, the effects of the TP and LDPE loadings on the tensile properties of 

PB/MFC composite were studied. The TP loading brought about good dispersity of the 

MFC in PB matrix. The Young’s modulus and elongation at break values of the 

composite are slightly decreased and are considerably increased by the TP 10 % loading. 

The TP 30 % loading little improved the tensile properties of the composite as compared 

with the 10 % loading. The TP loading was of limited effectiveness for the improvement 

of the tensile properties, suggesting that polymeric interface was suitable for 

enhancement of the tensile properties such as Young’s modulus. In fact, the LDPE 10 % 

loading brought about the large increment of the Young’s modulus for the composite 

although the improvement effect on the elongation at break value was less than that of 

the TP loading. 
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5-1: Introduction 

Carbon nanotube (CNT) is one of the attractive filler materials for polymer composite 

from the viewpoints of good electrical,1 mechanical,2,3 and thermal4 properties. CNT is a 

long filler, resulting that the entanglement occurs. The entanglement brings about a 

three-dimensional network structure (percolation) of CNT.5 Formation of the 

percolation in the polymer composite brings about considerable improvement in the 

electrical conductivity even with a small amount of the loading.6–9 For instance, 

in the case of polyepoxy matrix, the percolation threshold was reported to be ca. 0.0025 

wt % CNT loading.6 The high aspect ratio allows other properties to be strongly 

improved by even a small loading as well.9–11 Great efforts simultaneously have been 

made on oxidative degradation of CNT/polymer composites from the point of view of an 

improvement to the resistance.12– 17 However, it seems that the improvement has been 

not well developed by a small loading.12–14 

Auto-oxidation is one of oxidative degradation and a majordegradation mechanism in 

polymeric materials.18–22 There is much literature on the mechanism. Many researchers 

agree fundamentally with the following mechanistic scheme: 

                                                          (1) 

                                                       (2) 

                                                          (3) 

Chain branching (including chain scission) 

                                                       (4) 

The auto-oxidation is mainly composed of the radical reactions. It is assumed that CNT 

works as a polymer antioxidant since it has an ability to scavenge radical species with 
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graphene structure. In fact, however, the antioxidant effect was quite small for the 

composite,12–14 and on the contrary, the CNT worked as pro-oxidant at a low loading 

amount.12,14 Several scientists proposed that the pro-oxidant effect was most likely due 

to the local increase of the temperature induced by CNTs.13,14 They concluded that the 

antagonism between the antioxidant and pro-oxidant effects produced either the 

stabilizing or prodegradant one. We have considered that there exists another factor 

working as the pro-oxidant. Well-dispersion of multi-wall carbon nanotube (MWNT) 

frequently requires a severe dispersion treatment such as high speed mixing and 

combination of sonicated and stirred methods,23–25 resulting that scission of the 

polymer chain certainly occurs. In fact, P€otschke et al. reported that there was a 

decrease in molecular weight of all extruded poly(caprolactone) (PCL)/MWNT 

composites as compared to unprocessed virgin PCL.26 The chain scission certainly 

produces unsaturated and carbonyl groups working as pro-oxidant for the polymer 

degradation. It seems that the chain scission considerably affects the degradation 

behavior. However, the effect has been not studied yet. 
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In order to clarify the effect of the chain scission on the polymer degradation, 

polystyrene (PS)/MWNT composite was employed, and a relationship between the 

change of molecular weight and photodegradation behavior was studied. In addition, 

the antioxidant activity of the MWNT in the PS composite was evaluated using 

electrical conductivity and molecular weight measurements. 

 

 

5-2: Experimental 

5-2-1: Raw Materials 

PS was purchased from Sigma-Aldrich Co. LLC. The gel permeation chromatography 

(GPC) curve was composed of two peaks. The weight-average molecular weight (MW) 

and molecular weight distribution (Mw/Mn) of the major and minor peaks were 3.6 ×105 

and 1.3 × 103, 3.0, and 1.2, respectively. MWNT was synthesized through dissociation of 

methane at 750℃ with a Fe2O3 catalyst. The diameter was from about 20 nm to 80 nm, 

Fig. 1 Differential and integral molecular weight distribution curves of pristine and stirred PS samples. 
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and the length was from 0.1 μm to 3 μm. The MWNT was well purified and almost no 

catalyst was on it to influence the PS degradation behavior. Tetrahydrofuran (THF) was 

purchased from Wako Pure Chemical Industries, Ltd. 

 

5-2-2: Preparation of PS/MWNT Composite Film 

The PS/MWNT composite film was prepared by solvent-casting method. The mixture of 

PS and MWNT was vigorously stirred with a magnetic stirrer at 300 rpm in 10 wt % 

THF solution, and then the solvent was allowed to evaporate for 12 h. The cast film was 

further dried under vacuum at room temperature for 8 h. The thickness was kept at 

about 600 μm. 

 

5-2-3: Photodegradation Condition 

The film was laid on a petri dish. A mercury vapor lamp of 400W (Toshiba H-400P, 

luminance value = 200 cd/cm2) was used as a UV light source. The distance between 

specimens and the lamp was 50 cm. The photodegradation tests were carried out at 

30℃. 

 

5-2-4: Gel Permeation Chromatography Analysis 

Sample in a small vial was dissolved in 5 mL of chloroform, and the sample solution was 

directly measured by GPC. The molecular weight was determined by GPC (SHIMADZU, 

Prominence GPC system) at 40℃ using chloroform as a solvent. 

 

5-2-5: Electrical Conductivity Measurement 

The electrical conductivity of the film samples with about 600 μm thickness was 
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determined at room temperature by a conventional four-point-probe technique with a 

resistivity meter (Loresta-GP MCP-T610, Mitsubishi Chemical Co.). 

 

5-2-6: Fourier Transform Infrared Analysis 

The Fourier transform infrared (FTIR) spectrum (one scan) of the film sample surface 

was recorded on a JASCO FT/IR-660 plus spectrometer with ATR PRO450-S accessory 

and ZnSe. Carbonyl index was obtained from carbonyl (at 1713 cm-1) and aromatic ring 

breathing (at 1452 cm-1) peak absorbance ratio (A1713 cm-1/A1452 cm-1). 

 

 

5-3: Results and discussion 

Figure 1 shows the differential and integral molecular weight distribution curves of the 

pristine and stirred PS samples. The differential curve of the stirred PS shows a drastic 

increase of the peak intensity in the low molecular weight (less that 105) region as 

compared with that of the pristine one. In addition, the main peak slightly shifts to a 

higher molecular weight. The integral molecular weight distribution curves show that 

the less than 105 and over 106 fractions in the pristine and stirred PS samples are 27.4 

and 37.1%, and 8.6 and 15.7%, respectively. When the PS is stirred with a magnetic 

stirrer at 300 rpm, the polymer chain scission is certainly caused by the shear stress. As 

shown in Scheme 1, the PS chain is mechanically broken by the shear stress and 

produces a PS radical species. The radical species disproportionates and produces the 

PS chain with an unsaturated end group. The unsaturated end group has a potential 

to become a degradation initiating site leading to autooxidation and crosslink 

reactions.27,28 In fact, the main peak of the stirred PS slightly shifts to the higher 
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molecular weight, indicating that a crosslink reaction occurs. 

 

Well-dispersion of MWNT frequently requires a severe dispersion treatment such as 

high speed mixing and combination of sonicated and stirred methods.23–25 In addition, 

MWNT is much rigid, and its loading certainly brings about severe polymer chain 

scission. Figure 2 shows the molecular weight curves and less than 105 molecular 

weight fractions of PS/MWNT composites. As shown in the differential molecular 

weight distribution curves, the MWNT loading certainly leads to the increase of the 

peak intensity in the low molecular weight (less than 105) region. However, the increase 

of the less than 105 molecular weight fraction is not proportional to the loading amount. 

The fraction value changes from 44% to 58% between the 1% and 4% MWNT content 

and shows the minimum one at 2%. The existence of the minimum value suggests that 

there exists other factor contributing to PS chain scission. When polymer chain 

encounters MWNT with high rigidity at high speed, it is surely cut. The encounter 

frequency definitely depends on rheology behavior of polymer/MWNT composite. 

Guo et al. reported that during melt mixing, a long MWNT degraded polycarbonate  

Scheme 1. Production process of degradation initiate site by shear stress 
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polymer very much, but short ones barely did it.17 The behavior indicates that there 

exists a rheological effect in polymer chain scission induced by MWNT loading. It seems 

that the peculiar behavior of the PS chain scission is due to such a rheological effect. 

Figure 3 shows the electrical conductivity of the PS/MWNT composite as a function of 

the MWNT loading amount. The entanglement brings about the CNT percolation,5 

leading to considerable improvement in the electrical conductivity even with a small 

amount of the loading.6–9 When the electrical conductivity has a sizeable step of some 

orders of magnitude above a CNT weight fraction, the fraction value is called in 

particular “percolation threshold.”6–9 As shown in Figure 3, the PS/MWNT conductivity 

shows a drastic increase between the 1% and 2% of the MWNT content, indicating that 

the MWNT percolation structure is formed between them. It is considered that the 

percolation structure is basically completed at the 2% MWNT content. Figure 4 shows 

the change of MWNT aggregation structure as a function of the content. MWNTs are 

likely to become an aggregation due to some forces, i.e., the Van der Waals force. As 

Figure 2. Differential molecular weight distribution curves and less than 105 molecular weight fractions of PS/MWNT 

composites. 
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Figure 3. Electrical conductivity of PS/MWNT 

composite as a function of the MWNT loading amount. 

shown in Figure 4, it seems that the 

MWNT aggregate is regarded as 

uniform-size spherical particle at a 

low MWNT content such as 1%. When 

the content increases, the aggregates 

with various sizes are formed. The 

aggregate with a small size gets 

between the large ones, and then the 

percolation structure is completed. 

Effects of particle size distributions on 

viscosities have been studied by Chong et 

al.29 They reported that the fine particle acted like a ball bearing between large ones. 

The bearing effect brings about a decrease of viscosity, leading to the decrease of shear 

stress. It seems that the same effect occurs in the preparation of the PS/ MWNT 

composite. The small size MWNT aggregates act as ball bearings and lower the shear 

stress. The effect reaches a maximum at the 2% MWNT content, implying the decrease 

in number of the PS chain scission. The strange behavior showing the minimum 

fraction of the less than 105 molecular weight at the 2% MWNT content is due to such 

rheological effect. 

The rheological effect makes the degradation behavior complex. Figure 5 shows the 

differential molecular weight distribution curves of un- and photodegraded PS and 

PS/MWNT samples. The PS curve shifts to a lower molecular weight by the 24-h 

photodegradation. The PS/MWNT curves do not show the behavior, and the main peak 

intensities become higher after the 24-h photodegradation. As shown in Figure 6, the  
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Figure 4. Change of MWNT aggregation structure as a function of the content. 

less than 105 molecular weight fractions of the 24-h photodegraded PS/ MWNT samples 

decrease at 10.4%, 7.6%, 10.0%, and 15.1% in the 1%, 2%, 3%, and 4% MWNT content 

ones, respectively, although that of the 24-h photodegraded PS increases at 0.7%. The 

fraction decrease shows that the PS crosslink reaction occurs by the photodegradation. 

The crosslink reaction shows the maximum and minimum at the 4% and 2% MWNT 

content samples, respectively. Figure 7 shows the comparisons of carbonyl index (A1713 

cm-1/A1452 cm-1) values of un- and photodegraded PS and PS/MWNT samples. The 

different values between the un- and photodegraded samples indicate degrees of the 

oxidative reaction (auto-oxidation) progress on the surfaces and are 0.246, 0.140, 0.017, 

0.254, and 0.181 for the PS, 1%, 2%, 3% and 4% MWNT content samples, respectively. 

Although both the minimum values of the crosslink (the decrease of less than 105 

molecular weight fraction) and oxidative (the different A1713 cm-1/A1452 cm-1 value)  
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Figure 5. Differential molecular weight distribution curves of un- and photodegraded PS and PS/MWNT samples. 

reactions are observed at the 2% MWNT content sample, the dependencies of both the 

values on the MWNT content do not agree well each other. As mentioned above, there 

exist the unsaturated end groups in these samples. The carbon double bonds and allyl 

protons next to them become crosslink points30 and initiation site of auto-oxidation,25,26 

respectively. Thus, the unsaturated end group certainly has a potential to become a 

degradation initiator leading to auto-oxidation and crosslink reactions. On the other 

hands, MWNT would have an ability to scavenge radical species and would work as 

antioxidant because of being composed of graphene structure with carbon double bond. 

The coexistence of the unsaturated end group and MWNT would lead to an antagonism 

in the degradation, making the behavior complicated.  
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Figure 6. Less than 105 molecular weight fraction of un- and 

photodegraded 

PS and PS/MWNT samples 

However, the antioxidant effect 

of MWNT has been not clarified 

yet. Watts et al. reported that 

CNT worked as polymer 

antioxidants, and concurrently 

its effect was quite small for 

concentrations lower than 5%.12 

It seems that the ability of the 

MWNT radical scavenger is considerably low. It is necessary to evaluate the antioxidant 

ability. When the MWNT works as the radical scavenger, the electrical conductivity 

must be certainly lower due to a change of the graphene structure. The electrical 

conductivity degradation of the composite would be caused by a reaction with the 

generated radical species (i.e., radical reaction). The antioxidant activity of the MWNT 

in the PS composite can be evaluated by making a comparison between the conductivity 

and PS degradations. Figure 8 shows the 

Figure 7. Comparisons of carbonyl index (A1713 cm-1/A1452 

cm-1) values of un- and photodegraded PS and 

PS/MWNT samples: The FTIR measurement was 

carried out with FTIR spectrometer with ATR accessory 

Figure 8. Changes of less than 105 molecular weight 

fraction and of electrical conductivity as a function of 

photodegradation time. 



90 

 

changes of less than 105 molecular weight fraction and of electrical conductivity as a 

function of photo-irradiation time. The electrical conductivity is almost constant up to 

the 12-h photoirradiation time and then drastically decreases at the 24 h one. On the 

other hands, the less than 105 molecular weight fraction drastically decreases up to the 

12 h and increases at the 24 h. The value shows the ups and downs for the irradiation 

time. Such oscillating behavior is due to competition reaction between the PS chain 

scission and crosslinking and is typical of PS photodegradation. 30 The PS degradation 

is considerably sensitive to the initial photo-irradiation. The electrical conductivity 

degradation is not initially observed and is much insensitive to it. The MWNT radical 

scavenging ability is considerably poor although MWNT certainly works as the radical 

scavenger. MWNT is a filler material and is unable to molecularly disperse in polymeric 

matrix. The poor dispersity lowers the radical scavenging ability as compared with 

common antioxidant such as phenol and hindered amine light stabilizers. The 

antioxidant effect of MWNT is poor, and MWNT has little ability to inhibit the 

degradation initiation of the polymeric matrix. 

 

 

5-4: Conclusions 

In order to clarify the effect of the chain scission on the polymer degradation, the 

PS/MWNT composite was employed, and the relationship between the change of 

molecular weight and photodegradation behavior was studied. The MWNT loading 

brought about severe PS chain scission, leading to the increase of the low molecular 

weight (less than 105) fraction. The increase was not proportional to the loading amount 

and showed the minimum at the 2% loading. The behavior was due to a bearing effect 
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bringing about the decrease of shear stress. The unsaturated end group was produced 

by the chain scission and became the photodegradation initiator, leading to 

autooxidation and crosslink reactions. The MWNT scavenged radical species and 

worked as antioxidant. The coexistence of the unsaturated end group and MWNT made 

the photodegradation behavior complicated. However, the MWNT radical scavenging 

ability was considerably poor, and the MWNT had little ability to inhibit the 

photodegradation initiation. 
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