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ABSTRACT

Microfibrillated cellulose (MFC) films with a layered structure and controlled thickness 
were successfully prepared, from bamboo processing resides as the source material, using 
ultrasonication followed by simple vacuum filtration. The effects of thickness and moisture 
content on the mechanical properties of the films were then investigated. It was shown that 
tensile stress and elongation at break were notably affected by the thickness of the MFC film, 
where the tensile stress and elongation at break of the film increased from 124 to 179 MPa and 
0.9 to 5.5 %, respectively, as film thickness increased from 7.4 to 205.4 μm. However, no notable 
effect of thickness was observed on the Young’s modulus (~10.8 GPa). It was also found that 
moisture content has a significant impact on the tensile properties of MFC films, in lowering the 
Young’s modulus from 12 to 2 GPa and tensile stress from 180 to 90 MPa, and increasing the 
elongation at break from 4.2 to 17.5 %, as moisture content increased from 3 to 60 %. This is due 
to the effect of water in softening MFC films, resulting in a reduction in strength and increase 
in f lexibility.
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INTRODUCTION

Microfibrillated cellulose (MFC) has become a material of great interest in the last decade 
because of its biodegradability, renewability and unique physical and mechanical properties (Siró 



852

WOOD RESEARCH

and Plackett 2010). This material is extracted from the principal axis of cellulose, the most 
abundant natural organic material in the world, by a variety of mechanical fiber disintegration 
methods (Boufi and Gandini 2015). Therefore, MFCs are high aspect ratio fibers with 10 – 100 nm 
in width and up to several micrometers in length, depending on their origin (Besbes et al. 2011).

Although wood remains the main source of MFC, diverse non-wood sources (such as 
bamboo) are also being used (Lavoine et al. 2012). Bamboo is widely found in tropical and sub-
tropical regions and is commonly used to manufacture f looring and furniture (Gao et al. 2010). 
China is the largest producer and consumer of bamboo in the world, but due to the special 
characteristics of bamboo culms and the limited processing and technological capacity of most 
manufacturers, over 60 % of the processed bamboo becomes residue, such as bamboo branches, 
nodes, epidermis and wax (Xie et al. 2014). Today, these bamboo processing residues are either 
burned or used for bio-products by liquefaction (a costly process), while their use as a viable source 
of MFC has not been given much attention (Xie et al. 2015). It should be noted that processed 
bamboo residues are rich in cellulose, which justifies the rationale to produce MFC (Wang et al. 
2015). In this study, the use of bamboo parenchyma cells is proposed to obtain MFC by screening 
processed bamboo residues. 

MFC can be produced by several methods of mechanical fibrillation, such as high-pressure 
homogenization, cryocrushing, grinding and ultrasonication (Alila et al. 2013). Among 
these methods, ultrasonication is particularly attractive because it can be easily carried out 
without significantly deteriorating fiber properties (Chen et al. 2013; Cozzolino et al. 2014). 
Ultrasonication can produce very strong mechanical oscillations due to acoustic cavitation, to 
effectively break interfibrillar hydrogen bonds in cellulose and gradually disintegrating it into 
fibrils (Lu et al. 2013). Therefore, ultrasonication was chosen as the method to prepare MFC in 
this study. 

Due to its exceptional mechanical properties, f lexibility and high aspect ratio, MFC has 
also been used successfully to produce nanocomposite films to improve their mechanical, barrier, 
thermal and optical properties (Syverud and Stenius 2009; Jonoobi et al. 2015). Although MFC 
has been widely investigated for its reinforcement capacity in nanocomposite films (Iwamoto 
et al. 2007; Nakagaito and Yano 2008; Siqueira et al. 2010), few studies have reported on 
the mechanical properties of neat MFC films (Kumar et al. 2014), which can be affected by 
the source of cellulose (Fukuzumi et al. 2009), MFC disintegration procedures (Qing et al. 
2013), film preparation techniques (Syverud and Stenius 2009; Sehaqui et al. 2010) and drying 
conditions (Sim et al. 2015). Moreover, the effects of film thickness have not been considered 
in most studies. Therefore, this study also investigates the relationship between MFC film 
thickness and its mechanical properties, as well as the effect of moisture content of neat MFC 
film on its mechanical properties.

MATERIALS AND METHODS

Preparation of MFC
The processed residues of Moso bamboo (Phyllostachys pubescens) for f looring production were 

used as the source material in this study (Yiyang Taohuajiang Bamboo Ltd, Zhejiang, China). 
The majority of the residues was composed of large granules, mixed in with fibers. The residues 
were first ground into bamboo particles and passed through a 200-mesh (75 μm) sieve, and then 
stored for chemical purification.
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The bamboo particles were then washed in hot water at around 90ºC for 6 h to remove dust 
and impurities. During the chemical treatment stage, the bamboo particles were first treated 
with acidified sodium chlorite at 75ºC for 1 h to extract lignin. This step was repeated until the 
samples turned white in color (Abe and Yano 2010). Then, the delignified samples were treated 
with 5 wt % potassium hydroxide at 90ºC to remove hemicellulose, residual starch and pectin. 
Finally, the samples were filtered and rinsed with distilled water until pH neutral.

After chemical treatment, 0.5 wt % purified bamboo particles were treated with high-
frequency ultrasound waves for 50 min (Fig. 1) with an ultrasonic generator (JY99-IIND, Ningbo 
Science Biotechnology Co., Ltd., China) at a frequency of 19.5-20.5 kHz under 540 W in an 
ice-water bath.

Preparation of MFC films
After ultrasonication, MFC gel was obtained. The MFC gel was diluted and homogenized 

for 15 min using high-shear mixing (Ultra-turrax, IKA, T18), followed by vacuum filtration on 
the top of a 0.22 μm filter membrane until a wet circular film was formed. Then, the samples 
were air-dried at room temperature. The amount of sample used varied for different MFC film 
thickness, of approximately 10, 25, 80, 100 and 200 μm. The thickness of MFC films was 
measured using SEM micrographs at the cross-section. 

To test the effect of moisture content on the mechanical properties of MFC film, three 
groups of 80 μm thick MFC films with target moisture contents of 3, 10 and 60 %, were prepared 
by immersing them in pure water until the respective target moisture contents were reached. 
Afterwards, the water on the surface of the films was wiped off with filter paper, and all samples 
were kept under the same conditions until further testing.

Shrinkage of MFC films from surface drying
The shrinkage of MFC films from surface drying was determined by surface area shrinkage 

(Eq.):

       (%)                                      

where: Sb and Sa - the surface area before and after drying expressed as mm2. 

Mechanical property tests of MFC films
The mechanical properties of MFC films were tested on a high-resolution tensile testing 

machine with a max load of 50 N (Instron 5848, Norwood, MA, USA). Samples were 
conditioned at an ambient environment of 25°C, 12 % RH for 24 h prior to testing. MFC films 
were then cut into small rectangular specimens with dimensions of 5 (W) × 30 mm (L). At least 
five samples were tested in each group. A constant strain rate of 1 mm/min was used and the 
pretension was 10 mN during testing. All mechanical tests were carried out under an environment 
of 25°C and 15-35 % RH.

Morphological observations of MFC films
The cross-sections and surfaces of MFC films were observed using a Field Emission Gun 

Scanning Electron Microscope (FE-SEM, XL30, FEI, USA). All samples were coated using 
a Leica EM SCD 005 coater for 90 sec at 30 mA. SEM images were taken at an accelerating 
voltage of 7 kV at various magnifications.
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RESULTS AND DISCUSSION

Morphology and surface shrinkage of MFC films at different thicknesses
Fig. 1A shows the microstructure of the untreated bamboo processing residue, mainly 

composed of parenchyma cells (thick arrow) and a minority of thin bamboo fibers (thin arrow). 
Fig. 1B and D show SEM images of the samples after chemical purification and 50 min of 
ultrasonic treatment (Fig. 1C). These images indicate that the bamboo parenchyma cells were 
successfully disintegrated into MFCs during the ultrasonication process.

 

Fig. 1: SEM images of bamboo processing residues composed of bamboo fibers (thin arrow) and 
parenchymal cells (thick arrow) A), bamboo residues after chemical purification B), samples after 
different ultrasonic time (marked with the samples in min) C) and SEM images of MFC after 50 min 
of ultrasonication treatment D).

During the filtration and air-drying process, MFCs move closer together as water evaporates, 
resulting in strong intermolecular hydrogen bonds and forming solid fibril networks (Peng et 
al. 2012). The morphologies of the resulting MFC films of different thickness are shown in  
Fig. 2. The average thickness of the 5 sample groups were: 7.4, 24.7, 80.0, 100.0 and  
205.5 μm. The thickness of the film is mainly controlled by adjusting the volume of the MFC 
gel filtered. As the thickness increased from 7.4 to 205.5 μm, the surface of the dried MFC films 
became noticeably rougher. This is explained by the agglomeration of MFCs into MFC bundles 
during filtration, given that fibril clogging occurs during filtration, particularly in thicker films.  
A higher amount of MFC agglomeration results in a rougher surface on the film (Baez et al. 
2014). As shown in Fig. 2, all the cross-sections of the MFC films indicate a sandwich-like 
layered structure. This layering has been reported previously by several authors (Henriksson et 
al. 2008; Aulin et al. 2009; Stevanic et al. 2012). Irregularly shaped pores (shown by arrows) are 
observed to be unevenly spread over the cross-section of MFC films. A porous structure has also 
been reported as an important indicator of the mechanical properties of MFC films, as films 
with less pores demonstrate greater strength, due to an increase in hydrogen bonds (González et 
al. 2014).

The effect of film thickness on surface shrinkage is shown in Fig. 3. As film thickness 
increased from 7.4 to 205.5 μm, surface shrinkage also increased linearly from 10 to 80 %. The 
shrinkage of the MFC film is related to the degree of fibril bonding induced by drying, as Sim 
et al. (2015) reported that MFC films shrink more than 80 % when dried at room temperature. 
Therefore, it is postulated that hydrogen bonds in the MFC gel increased with longer treatment 
time. 



855

Vol. 61 (6): 2016

Fig. 2: SEM images of the fracture surface of MFC films at different thickness: 7.4 A1-2), 24.7 B1-2) 
and 205.5 μm C1-2).

As filtration continued, water transport also became hindered by fibril clogging, and 
therefore the slower removal of water may have driven the MFCs to come together and 
agglomerate (Peng et al. 2012). 

 

Fig. 3: Surface shrinkage plotted as a function of film thickness, and the numbers nest to each bar represent 
film thickness in μm.

Mechanical properties of MFC films at different thickness
The typical stress-strain curves of MFC films at different thickness are presented in Fig. 4A. 

MFC films obtained from the same source material but with different thickness showed different 
shapes of stress-strain curves. Thinner MFC films (thickness of less than 80 μm) only showed 
elastic deformation after around 0.7-1.3 % strain. As thickness increased, the plastic deformation 
region started to appear, i.e., the failure of the 205.5 μm film occurred after approximately 4 % 
strain. The elongation of the film at break also increased obviously with increasing film thickness 
(Fig. 4B).
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Fig. 4: Typical tensile stress-strain curves and elongation at break of MFC films, where the numbers 
indicate the film thickness A); Elongation at break plotted as a function of film thickness B).

As the thickness of the MCF film increases, so does the strength of the film (Fig. 5B). 
However, no significant change was observed on the Young’s modulus as thickness increased  
(Fig. 5A). It is known that the Young’ modulus is mainly influenced by factors such as fibril 
orientation, the bonding degree of fibrils and the Young’s modulus of individual fibrils 
(Kulachenko et al. 2012; González et al. 2014). The Young’s modulus was not affected by the 
film thickness because all MFC film samples were prepared from the same source using the same 
treatment process, and the films were composed of fibrils that were randomly oriented despite 
their varied thicknesses. In the present work, the average Young’s modulus of MFC films was 
approximately 10.8 GPa, which falls within the Young’s modulus range (5-18 GPa) reported by 
other authors (Fukuzumi et al. 2009; Qing et al. 2013; Baez et al. 2014). In contrast, tensile stress 
increased significantly as thickness increased, and thinner films demonstrated less strength due to 
its brittle failure behavior, whereas the greater strength of thicker films are attributed to a higher 
elongation at break as shown in Fig. 4B. 

Fig. 5: Tensile properties of MFC films plotted as a function of film thickness.

Mechanical properties of MFC films with different moisture contents
The impact of moisture content on the mechanical properties of MFC films was also studied, 

as the final properties of MFC films are often affected by their poor resistance to moisture (Aulin 
et al. 2009). The stress-strain curves of MFC films with varying levels of moisture content  
(Fig. 6) showed that the presence of moisture impaired the tensile properties of the film. MFC 
films with a lower moisture content appeared much stiffer and brittler compared to those with 
higher moisture content. As moisture content increases, the Young’s modulus and tensile strength 
decreased from 12- 2 GPa and 180- 90 MPa at 3 and 60 % MC respectively; on the contrary, 
a significant increase of elongation at break from 4.2 to 17.5 % was observed with increasing 
moisture content (Fig. 7). This is due to the fact that MFC films are a hydrogen-bond dominant 
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Fig. 6: Typical tensile stress-strain curves of MFC 
films with moisture content levels of 3, 10 and 
60 %.

Fig. 7: Tensile properties of MFC films plotted 
as a function of moisture content A); Elongation 
at break of MFC films plotted as a function of 
moisture content B).

solid and its mechanical properties primarily depend on the characteristics of the hydrogen bond 
network, where water molecules can easily disrupt. Therefore, the increasing presence of moisture 
results in a weaker and softer film (Zauscher et al. 1996; Peresin et al. 2010).

CONCLUSIONS

In this study, MFC films with varying thickness between 7.4 – 205.5 μm were successfully 
prepared from MFC gels by vacuum filtration and air drying. The effects of film thickness and 
moisture content on the mechanical properties of MFC films were then investigated. This study 
found that, as the thickness of MFC film increased, the tensile stress and elongation at break 
also increased significantly, while little change was observed for the Young’s modulus. It was 
also found that the tensile properties of MFC films were significantly influenced by its moisture 
content. As moisture content increased, the Young’s modulus and tensile stress decreased 
significantly but the elongation at break increased. This behavior is most likely attributed to the 
role of water in weakening the hydrogen bonds between MFCs.
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