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Abstract 
Steam treatment followed by milling treatment, an environmentally friendly method, was used and evaluated as a pretreatment 
of cedar for the preparation of cellulose nanofiber (CNF). The treated cedar was extracted with water followed by acetone and 
then received sodium chlorite  (NaClO2) treatment, and separated into volatile component, water soluble component, acetone 
soluble component,  NaClO2 soluble component, and  NaClO2 insoluble component (a raw material of CNF preparation). 
The effects of steam pressures on the properties of treated cedar were examined from experimental data for the amounts of 
extracted components and the degree of polymerization. The properties of CNF obtained from cedar that was steam-treated 
at a steam pressure of 15 atm for a steaming time of 5 min and then milling-treated for 10 s were almost the same as those of 
commercial CNF (BiNFi-s). The reinforcing effect of CNF obtained in this treament condition was clarified, and the specific 
tensile strength and the specific Young’s modulus of PLA/CNF composite were 58.1 MPa/g/cm3 and 7.56 GPa/g/cm3 that 
corresponded to 1.6 and 3.1 times higher than those of PLA only, i.e. 33.0 MPa/g/cm3 and 2.44 GPa/g/cm3, respectively.
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Statement of Novelty

In recent years, it has been pointed out that microplastics 
are small plastic pieces less than five millimeters and not 
only cause environmental pollution in the air, soil, and ocean 
but also accumulate in livestock and fish causing serious 
food pollution. In addition, the amount of microplastics in 
soil is 20 times that in the ocean, and it is an urgent issue 
to produce safe and secure biodegradable polymers with a 
low environmental load. There are no reports that cellulose 
and lignin, which are woody components, have been accu-
mulated in the environment for a long time because their 
biodegradability is very high. On the other hand their shape 
can be maintained for a certain period. Therefore, the effec-
tive utilization of woody components for the production of 
biopolymers has attracted greater attention recently. Since 
the steam treatment followed by the milling treatment is an 
environmentally friendly pretreatment of woody biomass for 
the preparation of CNF and the production of biopolymer 
composite reinforcing with CNF prepared, this pretreatment 

method can contribute to the production of various high 
strength biopolymers as an alternative to petroleum-based 
polymers.

Introduction

CO2 generated from fossil resources, which are used in 
large quantities despite concerns about depletion, is one of 
the major causes of global warming [1]. Therefore, various 
studies have been conducted to form a sustainable energy 
recycling society with low environmental load using plant 
biomass [2–4]. Among plant biomass, woody biomass con-
sisted of cellulose, hemicellulose, and lignin is the most 
abundant biomass on the earth, with less risk of depletion 
and less environmental impact, which could be a resource 
for the production of fuels and chemicals as an alternative 
fossil resources [5, 6]. However, woody biomass has a very 
strong undegradable structure due to the crystal structure of 
cellulose, which is the main component, and the lignin that 
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covers cellulose and hemicellulose strongly. Therefore, the 
pretreatment as a first stage is required to destroy the crystal-
line structure of cellulose and separate lignin from cellulose 
and hemicellulose [7–9].

Unless this first stage is an environmentally friendly type, 
low cost, and energy saving type, the production of biofuels 
and biochemicals from woody biomass cannot be out of the 
scope of research, and practical application and industri-
alization will not be realized. As the pretreatment, physical 
treatment (milling, electron beam, gamma ray, etc.) [10], 
chemical treatment (acid, alkali, organosolve, steam, ionic 
liquid, deep eutectic solvent, etc.) [11, 12], physico-chemical 
treatments (steam explosion, microwave water heat, subcriti-
cal water, etc.) [13, 14], and biological treatments (white 
rotting bacteria, etc.) [15] have been researched and devel-
oped, but all pretreatments have not only advantages but also 
disadvantages and little pretreatment method that meets the 
target (environmentally friendly, low cost, and energy sav-
ing type) has been reported. Therefore, in recent years the 
employment of the hybrid methods have been reported as 
prominent solutions by several researchers [16, 17] and their 
effectiveness was clarified using biomass sample such as 
softwood, hard wood, straw, and stalk [18–20]. The practical 
use of hybrid methods seems to be a future subject.

Matrix resin of polylactic acid (PLA) can be synthe-
sized from plant biomass and is a 100% plant-derived and 
biodegradable plastic [21–23]. PLA has been attractive 
attention in the world because its biocompatibility, bio-
degradability, and renewability were confirmed by the 
scientific community [24, 25]. Furthermore, this renew-
able polyester has significant substitution potential for 
petroleum-based polymers due to its high tensile strength, 
good transparency, satisfactory nontoxicity, and versatile 
fabrication processes [26, 27]. This biodegradable plastic 
exhibits the same properties as petroleum-derived plastics 
in use, but after use it has the property of being biode-
graded by microorganisms in the natural world and biode-
graded into water and carbon dioxide. By producing this 
biodegradable plastic from plant-derived materials, petro-
leum-derived usage can be reduced by 30% (compared to 
polypropylene, which is an energy-efficient mainstream 
plastic). Among plant-derived biodegradable plastics, 
PLA, which has a high melting point of 175 °C, is being 
put to practical use as a substitute for fossil resource-
derived plastics. However, PLA has low tensile strength 
and its application is limited when it is commercialized. 
Therefore, we focused on cellulose nanofiber (CNF) that 
can be produced from plants in the same way as PLA. 
This material is lightweight and five times stronger than 
steel [28]. Therefore, it is possible to establish an opti-
mum production method for plant-derived CNF and to 
synthesize PLA and CNF to produce 100% plant-derived 
high-strength biodegradable plastic. CNF has proven to 

be cellulose in the form of nanostructures and one of the 
most prominent green materials [29]. CNF materials are 
of increasing interest because they have attractive and 
excellent properties such as abundance, high aspect ratio, 
excellent mechanical properties, renewability and biocom-
patibility [30]. Since CNF has a large amount of hydroxyl 
functional groups enable a wide range of functionalization 
by chemical reactions, leading to the development of vari-
ous useful materials [31, 32].

Steam explosion consists of the exposure of biomass 
sample to saturated steam under high-pressure and the 
mechanical separation achieved by the sudden pressure 
release [33, 34]. Though steam explosion is an environ-
mentally friendly type among previous pretreatments, the 
molecular weight of cellulose may decrease significantly 
due to the cellulose fibers cutting during the sudden pres-
sure release. A reduction in the molecular weight of cel-
lulose is not desired for the production of high-strength 
CNF. Therefore, it seems that steam treatment followed 
by milling treatment is effective to the preparation of 
high-strength CNF for the reasons below: (1) Both steam 
treatment and milling treatment can be performed with 
conventional equipment, and no special equipment (acid or 
alkali resistance equipment, steam explosion equipment, 
sub-critical water treatment equipment, etc.) is required. 
(2) This treatment uses only water and is more environ-
mentally friendly than treatments that use acids and alkalis 
(preventing environmental pollution caused by wastewater 
and reducing wastewater treatment costs). (3) Sufficient 
effect can be obtained with short-time treatment (a few 
minutes), and labor costs and energy consumption are low. 
(4) It is possible to avoid the decrease in the molecular 
weight of cellulose because of no sudden pressure release. 
(5) Since there are almost no impurities (derived from 
chemicals such as acids and alkalis) contained in the pro-
cessed products, various environmentally friendly petro-
leum alternative composites can be manufactured using 
the CNF obtained as a reinforcing material.

In this study, component analysis was performed to 
investigate the characteristics of wood treated by steam 
treatment and milling treatment. A sulfuric acid method 
[35] can be used to confirm delignification of this pretreat-
ment, and it can be examined that holocellulose (a raw 
material of CNF) is not decomposed so much, and only 
lignin becomes low-molecular weight components. Since 
the components change significantly depending on the 
steam pressure, steam treatment is carried out under vari-
ous steam pressures. CNF was synthesized from the holo-
cellulose obtained from steam-treated and milling treated 
wood under various steam pressures, and a biopolymer 
composite of PLA reinforced with CNF was prepared and 
examined to evaluate its high strength properties.
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Materials and Methods

Material: Cedar Chips

For all the experiments, cedar wood chips (Cryptomeria 
japonica) of Japanese cedar received kindly from Sumitomo 
Chip Co. Ltd. at Mima city in Tokushima prefecture. Their 
size is about 2–4 cm in length and 1–3 cm in width. Some 
wood chips were ground at 25,000 rpm for 60 s using Won-
der Crush Mill D3V-10 (Osaka Chemical Co., Ltd., Japan) 
for component analysis. All analytical grade chemicals were 
obtained from Wako Pure Chemical Industries, Ltd., Japan.

Pretreatment: Steam Treatment and Milling 
Treatment

Steam treatment of cedar chips was carried out by using the 
steam explosion apparatus NK-2 L (Japan Chemical Engi-
neering and Machinery Co., Ltd., Japan) [36]. The apparatus 
consisted of a steam generator, a high-pressurized reactor, a 
receiver, and a condenser with a silencing action. The reac-
tor was insulated to maintain a constant temperature. The 
volume of reactor is 2 L, the highest pressure is 70 atm, and 
the highest temperature is 285 °C. Approximately 100 g of 
dry cedar chips were introduced into the reactor and then 
steam-heated at a steam pressure of 10–25 atm for a steam-
ing time of 5 min. After completion of the reaction, the ball-
valve at the bottom of the reactor was slowly opened and 
the steam-treated product was removed. The steam-treated 
product was ground at 25,000 rpm for 10 s by using the 
crush mill described previously.

Extraction and Separation of Pretreated Cedar Chips

The components of pretreated cedar chips were extracted 
and separated by the method as shown in Fig. 1. After dry-
ing to sublimate the water, 50 g of pretreated cedar chips 
was added to 3 L of distilled water and extracted for 12 h 
at room temperature. The solids and liquids were separated 
by filtration, and the water soluble component was recov-
ered from the liquid, then concentrated, and dried. The 
solid residue after water extraction was extracted with 1 L 
acetone for 12 h at room temperature. After concentration 
and drying of the extract, the acetone soluble component 
was obtained. Acetone soluble component seems to be a 
low-molecular weight lignin [37]. The residue after acetone 
extraction consisted of cellulose and acetone insoluble 
lignin (a high-molecular weight lignin). Since the sodium 
chlorite  (NaClO2) delignification, which is used commonly 
in research, is effective in the removal of lignin from all 
types of lignocellulosic biomass [38], the sodium chlorite 

was used for the removal of residual lignin contained in 
the residue after acetone extraction. 10 g of  NaClO2 was 
added to the suspended solution consisted of 25 g of residue 
after acetone extraction and 1.5 L distilled water, and gently 
mixed followed by the subsequent addition of 2 mL of acetic 
acid. The suspended mixture was heated at 80 °C for 1 h. 
The addition of 10 g of  NaClO2 and 2 mL acetic acid was 
repeated 4 times with intervals of 1 h. Then the mixture was 
filtered using a filter paper, and the residue after  NaClO2 
treatment, i.e.  NaClO2 insoluble component, was rinsed 5 
times with 100 mL of distilled water.

Production of Cellulose Nanofiber (CNF) 
from  NaClO2 Insoluble Component

10 g of  NaClO2 insoluble component was suspended with 
1 L distilled water. After it was passed three times through 
the MKCCA6-2 grinder (Masuko Sangyo Co., Ltd., Japan) at 
1500 rpm, CNF water slurry solution was obtained. FE-SEM 
analysis of CNF was carried out a Field Emission-Scanning 

Cedar chips 

Steam treatment

Steam-treated product

Milling-treated product

Milling treatment

Water extraction

Water soluble component

Residue after water extraction

Acetone extraction

Acetone soluble component

Residue after acetone extraction

NaClO2 treatment

NaClO2 soluble component

Residue after NaClO2 treatment

(Holocellulose with or without lignin)

Volatile component

Fig. 1  Extraction and separation of cedar chips that was steam-treated 
for 5 min under various steam pressures and then milling-treated for 
10 s
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Electron Microscope S-4700 (Hitachi Co., Ltd., Japan) oper-
ating at 1.6 kV with 8 mm working distance. For this analy-
sis a small piece of the CNF mat was fixed on a carbon tape 
and sputtered with Pt (E-1020 Ion Sputter, Hitachi Co., Ltd., 
Japan). To measure the degree of polymerization of CNF, 
250 mg of the CNF was soaked in 25 mL distilled water and 
mixed at a room temperature for 1 h. Next, 25 mL of copper 
ethylene diamine solution was added and mixed at 25 °C for 
30 min. According to JIS P8215 [39], the molecular weight 
of CNF was measured and then the degree of polymeriza-
tion of CNF was calculated because the molecular weight 
of CNF is the degree of polymerization of CNF × 162 [40].

Production of Polylactic Acid (PLA) and CNF 
Composite

The CNF water slurry solution containing 1 g of fibers 
was centrifuged and replaced with t-butyl alcohol. It was 
placed in a vacuum defoaming stirrer (AS ONE VDS-1 N) 
and stirred at 150 rpm for 30 min under vacuum conditions. 
Next, PLA solution (Landy PL-1000, Miyoshi Oil & Fat 
Co., Ltd., Japan) containing 1 g of polylactic acid was added 
to the CNF solution. Then, under vacuum conditions, stir-
ring was performed at 150 rpm for 1 h. After defoaming, the 
sample was placed in a constant temperature at 30 °C and 
allowed to stand until the sample was dried. Specimens were 
prepared using half of the completed PLA/CNF sheet. First, 
the sheets were cut into 10 cm × 1 cm pieces and stacked. It 
was fitted and fixed in the mold. After the temperature of the 
vacuum heating press (IMC-11FA, Imoto Machinery Co., 
Ltd., Japan) reached 180 °C, the pressure was set to 3 MPa 
for 30 min to prepare a test piece. The obtained sheet was 
1.4 mm thick.

Mechanical and Thermal Characteristics of PLA/CNF 
Composite

The tensile modulus and strength of the sample were meas-
ured by using the AG-100kNXplus Simadzu Co. Ltd, Kyoto, 
Japan) at room temperature. The dimensions of the samples 
were 100 mm × 10 mm × 1.4 mm. The gauge length was 
30 mm and a testing speed of 2 mm/min was applied for the 
test. For each sample, five repetitions were performed and 
the average of five tests was reported. In this experiment, 
only the untreated sample was milled for 60 s to adjust the 
particle size. All other samples were milled for 10 s.

The thermogravimetric (TG) curve of the sample was 
measured using a thermogravimetric analyzer (TG/DTA 
SII EXSTAR 6300, Seiko Instruments Inc., Chiba, Japan) 
under atmosphere of nitrogen (heating rate of 5 °C/min) 
using α-alumina as a primary standard.

Statistical Analysis

All experiments were carried out at least three times, each 
time in triplicates. Statistical analysis was evaluated using 
the Student’s t test. Values are displayed as means with 
standard deviation of the mean, *p < 0.01, **p < 0.05.

Results and Discussion

Chemical Changes in Steam‑Treaded Followed 
by Milling‐Treated Cedar Chips

Figure 2 shows the effects of steam pressure on the ratio of 
volatile component, water soluble component, acetone solu-
ble component,  NaClO2 soluble component, and  NaClO2 in 
soluble component to the dry weight of the steam-treated 
and milling-treated cedar chips. In this experiment, only the 
untreated sample was milled for 60 s to adjust the particle 
size. All other samples were milled for 10 s. The amounts 
of volatile and water soluble components increased with 
increasing steam pressure. It seems that they consisted of 
organic acids (formic acid, acetic acid, and levulinic acid), 
5-hydroxymethyl furfural, furfural, mono- and/or oligosac-
charides derived from the hydrolysis of lignin, cellulose, 
and hemicellulose contained in the cedar chips [41]. The 
amount of acetone soluble component increased gradually 
with increasing steam pressure and the ratio of acetone 
soluble component was 0.06 at a steam pressure of 25 atm. 
Suzuki et al. [42] reported that the ratio of acetone solu-
ble component in steam-treated and milling-treated aspen 
was 0.125 at a steam pressure of 25 atm. Since acetone 
soluble component means low-molecular weight lignin, it 
was found that cedar (softwood) is less likely delignified 
compared with aspen (hardwood) because softwood have a 
large amount of condensed-type lignin, which is resistant to 
steam-hydrolysis, compared with hardwood [43]. Since the 
ratio of hollocellulose contained in raw cedar chips was 0.6 

Volatile component

Water soluble component

Acetone soluble component

NaClO2 soluble component

NaClO2 insoluble component

(High-molecular weight lignin)

NaClO2 insoluble component

(Holocellulose)
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Fig. 2  Ratio of component to dry weight of cedar chips that was 
steam-treated for 5 min under various steam pressures and then mill-
ing-treated for 10 s. a untreated (milling for 60 s), b 10 atm, c 15 atm, 
d 20 atm, e 25 atm
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(this value was determined by a sulfuric acid method [35]) 
as shown by broken lines in this figure, it seems that below 
a steam pressure of 10 atm  NaClO2 insoluble component 
had not only holocellulose but also a high-molecular weight 
lignin that cannot be extracted by the acetone extraction. On 
the other hand, since beyond a steam pressure of 15 atm the 
ratio of  NaClO2 insoluble component was lower than 0.6, it 
means that  NaClO2 insoluble components beyond 15 atm 
was almost holocellulose and they seem to be adequate raw 
materials of CNF production because of little lignin content.

FE‑SEM and Degree of Polymerization of CNF 
Obtained from Steam‑Treaded Followed 
by Milling‑Treated Cedar Chips

Figure 3 shows the representative FE-SEM images of CNF 
obtained from cedar chips that were treated under various 
steam pressures, i.e. (a) untreated (milling for 60 s), (b) 
10 atm, (c) 15 atm, (d) 20 atm, and (e) 25 atm. In addition, 
Fig. 3f shows that of a commercial CNF (BiNFi-s WMa-
10,002, Sugino Machine Limited Co., Ltd., Japan) as a 
control. This CNF seems to be produced from Kraft pulp 
as a raw material that is produced by a chemical pulp cook-
ing with NaOH and  Na2S. Though CNF having nano-sized 
fibers, i.e. 5–20 nm in width, was obtained by the grinder 
treatment of three times regardless of steam pressure, the 
fibrillation effect of cellulose fibers was enhanced with the 
increase of steam pressure. Compared to the commercial 
CNF as shown in Fig. 3f, almost similar morphological 

CNFs were obtained from the cedar chips that was steam-
treated at 15 atm or above. As a result, it was found that 
the holocellulose obtained from cedar chips by an environ-
mentally friendly method, i.e. steam treatment followed by 
milling treatment, can be used as a raw material for the pro-
duction of CNF.

Figure 4 shows the degree of polymerization of CNF 
obtained from cedar chips that were treated under various 
steam pressures. The degree of polymerization of CNF 
decreased monotonically from 616 to 0 atm (milling only) to 
434 at 25 atm with the increase of steam pressure. It seems 

Fig. 3  FE-SEM images of cellulose nanofibers obtained from cedar chips that was steam-treated for 5 min under various steam pressures and 
then milling-treated for 10 s. a untreated (milling for 60 s), b 10 atm, c 15 atm, d 20 atm, e 25 atm, f control (BiNFi-s)
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Fig. 4  Degree of polymerization of cellulose nanofibers obtained 
from cedar chips that was steam-treated for 5  min under various 
steam pressures and then milling-treated for 10 s. a untreated (milling 
for 60 s), b 10 atm, c 15 atm, d 20 atm, e 25 atm, f control (BiNFi-s). 
*p < 0.01, **p < 0.05



6251Waste and Biomass Valorization (2021) 12:6245–6254 

1 3

that a high pressure steam treatment hydrolyzed β-1,4-
glucoseide bonds of cellulose and decreased its degree of 
polymerization. Suzuki et al. [42] reported that the degrees 
of polymerization of CNF obtained from steam-treated fol-
lowed by milling-treated aspen and bode (hardwoods) at 
25 atm for 5 min were 471 and 432, respectively. Further-
more, Suzuki et al. [33] reported that the degrees of polym-
erization of CNF obtained from steam-exploded cedar (soft-
wood) under various steam pressures were 119–387. Since 
in this work the degrees of polymerization of CNF obtained 
from steam-treated followed by milling-treated cedar were 
434–575, it was found that the steam treatment and mill-
ing treatment is more effective than the steam explosion for 
obtaining a high degree of polymerization of CNF. Further-
more, since the degree of polymerization of commercial 
CNF was 630 as shown in Fig. 4f, almost the same values 
were obtained at 10 and 15 atm. In general, the higher the 
degree of polymerization of CNF, the higher the reinforcing 
effect of the composite [44, 45], and the degree of polymeri-
zation decreases significantly above 20 atm, so steam treat-
ment up to 15 atm is considered to be an appropriate treat-
ment for obtaining CNF having a good reinforcing effect.

Reinforcing Effect of CNF on PLA/CNF Composite

Figure 5 shows the specific tensile strength and the specific 
Young’s modulus of PLA/CNF composite. In this experi-
ment the ratio of CNF weight to PLA/CNF composite 
weight was 50%. Though the degree of polymerization of 
CNF obtained at untreated and 10 atm showed a high value 
as shown in Fig. 4, their specific tensile strengths, i.e. 12.8 
and 23.3 MPa/g/cm3, of PLA/CNF composite were lower 
than that of PLA only, i.e. 33.0 MPa/g/cm3. The reason for 
this decrease in specific tensile strength seems to be that 

it is difficult to mix PLA and CNF uniformly because the 
high molecular-weight lignin remaining in  NaClO2 insolu-
ble component, i.e. a raw material for CNF production, as 
shown in Fig. 2, covers the holocellulose firmly, and then a 
uniform PLA/CNF composite could not be prepared. When 
CNF obtained at 15 atm or more was added, the specific 
tensile strength of PLA/CNF composite increased signifi-
cantly compared with that of PLA only, and when the CNF 
obtained at 15 atm was added, the maximum tensile strength, 
i.e. 58.1 MPa/g/cm3, that corresponded to 1.6 times higher 
than that of PLA only, i.e. 33.0 MPa/g/cm3, was obtained. 
This is probably because  NaClO2 insoluble component 
obtained at 15 atm does not contain high-molecular lignin 
(Fig. 2) and has a high degree of polymerization (Fig. 3). 
In addition, since the specific tensile strength of PLA/
CNF composite with a commercial CNF (BiNFi-s) was 
56.2 MPa/g/cm3, it was found that the CNF obtained in this 
work had almost the same reinforcing effect on PLA/CNF 
composite. As for the specific Young’s modulus, a signifi-
cant increase in the addition of CNF was confirmed, and it 
was found that the addition of CNF provided a PLA/CNF 
composite that was harder than PLA only. As a result, it was 
found that steam treatment followed by milling treatment is 
one of the excellent pretreatments for CNF preparation to 
increase the strength of PLA/CNF composite. Asada et al. 
[37] reported that the tensile strength of PLA/CNF com-
posite containing 5%wt CNF obtained from steam-exploded 
white poplar were 22.0 MPa. Iwatake et al. [46] reported 
that the tensile strength of PLA/CNF composite contain-
ing 10%wt CNF (a commercial microfibrillated cellulose, 
MFC, Celish KY110G, water slurry containing 10 wt% fiber, 
Daicel Chemical Industries, Ltd., Japan) were 75.0 MPa. Li 
et al. [47] reported that the tensile strength of PLA/CNF 
composite containing 30%wt CNF obtained from chemical 
treated poplar was 53.0 MPa. Since the density of PLA/CNF 
composite containing 50%wt CNF obtained from bamboo 
treated at 15 atm for 5 min in this work was 1.34 g/cm3 (data 
not shown), its tensile strength corresponded to 77.8 MPa. 
These results suggests that the steam treatment followed by 
milling treatment can provide a CNF that has almost the 
same reinforcing effect as a commercial CNF. In this work, 
PLA/CNF composite containing 50%wt CNF was prepared 
to confirm the reinforcing effect of CNF obtained and future 
studies will be focused on examining the reinforcing effect 
of various weight ratios of CNF on the strength of PLA/
CNF composite.

Figure 6 shows the relationship between the degree of 
polymerization of cellulose and the specific tensile strength 
of PLA/CNF composite. Since  NaClO2 insoluble material (a 
raw material for CNF preparation) obtained from untreated 
bamboo and steam-treated bamboo at 10 atm contained 
some high-molecular weight lignin as shown in Fig. 2, the 
experimental results of steam-treated bamboo at 15, 20, 
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Fig. 5  Mechanical properties of composites made of PLA and cellu-
lose nanofibers obtained from cedar chips that was steam-treated for 
5 min under various steam pressures and then milling-treated for 10 s. 
a untreated (milling for 60 s), b 10 atm, c 15 atm, d 20 atm, e 25 atm, 
f control (BiNFi-s). *p < 0.01, **p < 0.05
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and 25 atm were shown in this figure. The specific tensile 
strength increased with the increase of degree of polymeri-
zation and a correlation coefficient, r, was 0.853  (r2 = 0.728). 
Therefore, a strong positive correlation between A and B 
was confirmed. As a result, it was found that to increase a 
reinforcing effect of CNF, it is necessary to prepare cellulose 
having a high degree of polymerization.

Thermal Property of PLA/CNF Composite

Figure  7 shows the thermogravimetric (TG) curves for 
PLA/CNF composites. TG curves decreased slightly up 
to 250 °C and then significantly after 300 °C. Though the 
decomposition temperatures at 5% weight loss,  Td5, of PLA/
CNF composites were lower than that of PLA only, almost 
no degradation of PLA/CNF composites was not observed 
below 200 °C. Furthermore,  Td5 of PLA/CNF composite 
with CNF obtained at 15 atm, i.e. 278 °C, was almost the 

same as that of PLA only, i.e. 287 °C. On the other hand, 
the char yields at 800 °C of PLA/CNF composites were 
slightly higher than that of PLA only. From these results, 
it was found that the addition of CNF can increase signifi-
cantly the strength of the PLA/CNF composite, but not the 
thermal property.

Conclusions

This study evaluated the feasibility of steam treatment fol-
lowed by milling treatment for preparing CNF from soft-
wood biomass. Steam-treated and milling-treated cedar 
chips were extracted and separated with water followed by 
acetone and then received  NaClO2 treatment for obtaining 
 NaClO2 insoluble component, i.e. a raw material of CNF 
preparation. The chemical composition of treated cedar 
chips varied significantly with the steam pressure. From FE-
SEM analysis and the measurement of degree of polymeriza-
tion clarified that the chemical properties of CNF obtained 
in this work were almost the same as those of commercial 
CNF. To increase a reinforcing effect of CNF on PLA/CNF 
composite, it was necessary to prepare CNF having a high 
degree of polymerization. The steam treatment at 15 atm for 
5 min followed by milling treatment for 10 s was the most 
effective pretreatment method for obtaining CNF having a 
good reinforcing effect on PLA/CNF composite. However, 
since no improvement in thermal properties of PLA/CNF 
composite by the addition of CNF was not observed, this 
point will be a future subject.
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