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ABSTRACT: Syndiotactic polypropylene (SPP)/ethanol swelled microfibrous cellulose (MFC) composite was prepared by a melting

mixer, and its morphology and tensile properties were studied. The scanning electron microscope microphotograph did not show the

aggregated MFC part up to the 40 wt % MFC loading content, and the Young’s modulus was exponentially increasing with the

increase of the MFC loading content. These results suggested that the MFC was well-dispersed in the SPP matrix by an ethanol sur-

factant work. The Young’s modulus was much higher than that of the composite with commonly used fibrous cellulose and moreover,

exceeded the theoretical one obtained from the Halpin-Tsai equation. The differential scanning calorimetry and wide-angle X-ray dif-

fraction measurements showed that the MFC acted as a good a-nucleation agent for SPP. It was found that 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. VC 2012
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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 bond-

ing.1 The crystal structure is mainly composed of cellulose-I

crystal form with a parallel conformation of two anyhydroglu-

cose 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 crys-

tal deformation behavior has been studied with compacted

specimens of a large number of microcrystalline cellulose par-

ticles.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 microfi-

brous 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 processabil-

ity and incompatibility. It is very difficult to prepare the com-

patible 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 proper-

ties on the MFC loading content. Syndiotactic polypropylene

(SPP) was used as the polyolefin material as it had good proc-

essability at a low temperature (150�C)26,27 without occurrence

of cellulose thermal degradation. However, a novel dispersion

method has been required to obtain SPP/MFC composite 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 dis-

persity was evaluated by scanning electron microscope (SEM)

measurement. The tensile properties were studied in compari-

son 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
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calorimetry (DSC) and wide-angle X-ray diffraction (WAXD)

measurements.

EXPERIMENTAL

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 ¼ 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 lm. FC (W-100GK) was donated by Nip-

pon 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 lm), the average length was about 37 lm. Ethanol was pur-

chased from Wako Pure Chemical Industry, respectively.

Preparations of MFC Samples

Two kinds of the MFC were used in this study. They were

named as ‘‘MFC’’ and ‘‘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 fol-

lows: 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 ¼ 10 wt %/90 wt %). The ethanol swelled

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

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 per-

formed at 150�C 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�C 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 lm) by compression

molding at 150�C under 40 MPa for 5 min.

Scanning Electron Microscope Observation

SEM observation was carried out with a JEOL JSM-5800 at 20

kV. The composite was molded into the plate (ca.500 lm) by

compression molding at 150�C 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.

Differential Scanning Calorimetry Measurement

DSC measurements were made with a Shimadzu DSC-60. The

film (thickness: 100 lm) 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�C/min under

a nitrogen atmosphere, respectively. From the thermogram,

melting temperature (Tm) and fusion enthalpy (DH) were deter-

mined. The crystallinity (Xc) of the SPP part in the composite

was obtained by using the relationship:28

Xc ¼ ðDH=DH
� Þ � 100=wð Þ (1)

where DH� ¼ 109.3 J/g for 100% crystalline SPP was taken,29

and w is the mass fraction of SPP in the composite.

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 lm) 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 com-

pression molding. They were measured by the WAXD device.

These crystallinity values were estimated from the WAXD pro-

files according to Ant-Wuorinen’s report.30 The WAXD mea-

surement of the composite was carried out with the 100 lm
film.Figure 1. SEM microphotograph of MFC.

Figure 2. DSC curves of heating scans for SPP, MFC(drying), and FC.
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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

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

All of tensile testing were performed at 20�C. 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.

RESULTS AND DISCUSSION

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

SPP melting temperature (Tm) is 130
�C, and the other materials

have no Tm. All materials have no exothermal peaks, showing

pyrolysis does not occur up to 170�C. 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.

Figure 3. WAXD profiles of MFC and FC.

Figure 4. SEM microphotographs of the surfaces of the SPP(98 wt %)/

water swelled MFC(2 wt %).

Figure 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 lm) can be

also observed, and the interface between the MFC and SPP ma-

trix 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 polyethyl-

ene.20 As shown in Figure 5, the requirement is due to low sol-

ubility 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 magni-

tude 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 sur-

factant to prepare PP/MFC composite showing a good MFC

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 well-

dispersed 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 inappro-

priate 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�C) 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 microphoto-

graphs of the surfaces of the SPP (80 wt %)/ethanol swelled

Figure 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 %).

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

M ¼ M1
1þ AB/
1� AB/

(2)

in which

A ¼ kE � 1 (3)

B ¼ ðM2=M1Þ � 1

ðM2=M1Þ þ A
(4)

where M, M1, and M2 are moduli of the composite, SPP matrix,

and MFC or FC filler component, respectively; / 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 assumed as Young’s modulus of

Figure 8. Young’s modulus of SPP composite against MFC or FC content

(vol %). Broken curve: The Halpin-Tsai equation. MFC or FC ¼ 10, 20, 30,

and 40 wt % corresponding to ¼ 6.1, 12.7, 19.9, and 27.9 vol %, respectively.

Preparation of SPP (60 wt %)/FC (40 wt %) composite was impossible.

Figure 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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microcrystalline cellulose.6 kE has a strong correlation with

Poisson’s ratio m. m of composite is approximately given by a

mixture rule:35

m ¼ mm/m þ mf/f (5)

where mm and mf are the Poisson’s ratios of matrix (SPP) and fil-

ler (MFC or FC), respectively; /m and /f are the volume frac-

tions of matrix and filler, respectively. The Poisson’s ratios used

in this approach having the following values: mm ¼ 0.3836 and mf
¼ 0.30.36 The m obtained is from 0.36 to 0.38. According to the

data of Nielsen,34 in a rigid matrix having near m 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 equation obtained was plotted in Fig-

ures 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 origi-

nated 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 de-

pendence of the elongation at break on the MFC content is less.

It seems that the interfacial defect such as void is hard to pro-

duce. 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 ten-

sile 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 are 32.3 6 15.1% and

24.4 6 1.2%, respectively and are considerably higher than

those of the MFC composites with the same content. The defor-

mation of only the SPP matrix occurs during the tensile testing

Figure 10. DSC curves of heating scans for SPP/FC (top) and SPP/etha-

nol 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).

Figure 11. DSC curves of cooling scans for SPP/FC (top) and SPP/etha-

nol swelled MFC (bottom) composites. The numeric characters on the

curves are FC or MFC wt % in composites. The exothermal peaks are cor-

responding to crystallization temperatures (Tc).
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in the SPP/FC, resulting that the SPP/FC shows the much

greater elongation.

The Young’s moduli of the SPP/ethanol swelled MFC compo-

sites 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�C
to 127�C. 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�C. Interestingly, there is a difference between

the ethanol swelled MFC and FC composites in the content de-

pendence 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 incre-

ment 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 crystallin-

ity and crystallization rate of polymer materials increase with

nucleating agent effect.28,37–39 Therefore, the Xc and Tc incre-

ment 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 inter-

action 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 2h ¼ 12.2�, 15.9�, and 20.6� (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 crystalli-

zation 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 a-nucleat-
ing effect. The a-nucleation effect such as the Xc and Tc incre-

ment is saturated over the 20 wt % MFC loading content. The

saturation 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-nuclea-
tion 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 crys-

tallinity 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

a-nucleating effect for the matrix.

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 well-

dispersed 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/

Table I. Melting Temperature (Tm), Fusion Enthalpy (DH), Crystallinity
(Xc), and Crystallization Temperature (Tc) of SPP/Ethanol Swelled MFC

and SPP/FC Composites

MFC or FC
cont. (wt %) Tm (�C) DH (J/g) Xc (%)* Tc (�C)

MFC

0 130 24.4 22 69

10 131 22.9 23 78

20 128 27.3 31 81

30 127 25.1 33 81

40 127 20.4 31 81

FC

10 129 24.3 25 74

20 127 23.2 27 76

30 127 24.1 32 77

*Xc was obtained from eq. (1) (see Experimental Part).

Figure 12. WAXD profiles of SPP and SPP/ethanol swelled MFC compo-

sites. (a): SPP. (b): SPP (80 wt %)/ethanol swelled (20 wt %). (c): SPP

(60 wt %)/ethanol swelled (40 wt %).
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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 sur-

face 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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