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Abstract: This study explored the potential of using oil palm empty fruit bunch 
(OPEFB) in the production all-cellulose composite (ACC) films. The isolation process 
of the raw OPEFB fibre was carried out using chemical process to extract the OPEFB 
nanocellulose. The ACC films from the OPEFB nanocellulose and microcrystalline 
cellulose (MCC) were prepared using dimethylacetamide (DMAC) and lithium chloride 
LiCl solvent system whereby the partially dissolved cellulose was transformed into the 
matrix phase surrounding the remaining non-dissolved fibre. The ACC films containing 
1%, 2%, 3% and 4% (wt. vol−1) OPEFB cellulose and 3% (wt. vol−1) MCC were prepared 
and the effects of formic acid as chemical treatment for the OPEFB nanocellulose on 
tensile properties of the ACC film were investigated. Results indicate that the chemical 
treatment using formic acid has reduced the hydroxyl group composition in the cellulose, 
and caused greater dissolution of the cellulose during the formation of the ACC film.  
As a result, the tensile strength and modulus of elasticity of the ACC film were significantly 
enhanced. However, both untreated and treated ACC films experienced the reduction in 
both properties when the cellulose concentration was increased from 1% to 4% (wt. vol−1), 
due to the saturation of the cellulose particles and non-homogeneity of the ACC system. 
Findings also suggested that the formic acid-treated ACC film tends to absorb more 
moisture as compared to the untreated composite films, allowing greater biodegradation 
rate when buried in soil. 
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1.	 INTRODUCTION

Generally, plastics are perceived as basic or primeval element used extensively 
in packaging industry due to their low cost, lightweight, ease of manufacturing 
and shaping.1 Nowadays, more researches and studies are focusing on the use of 
biologically degradable composite materials for maintaining ecosystem balance 
and obtaining other benefits, such as biodegradability, cheap in price and ability to 
fulfil and balance out the economic interest of companies and industries.1–4 Natural 
composite films from various resources are being investigated to substitute non-
biodegradable petrochemical based plastics.1–3 The most known renewable or 
sustainable materials that are able to produce biodegradable plastics are cellulose 
and starch.1,3,5 Cellulose is widely known as the world’s most prevalent biopolymer 
and their abundance characteristic has raise demand to be used as green and 
biocompatible products.2 Great attentions are drawn towards celluloses for their 
unique and particular properties like high mechanical strength, renewability, 
biodegradability, cheap in price as well as good film-forming performance.2

In Malaysia, the plantation of palm oil produces large amount of residues 
like oil palm empty fruit bunch (OPEFB), oil palm shell and other biomass wastes.6 
Even though the OPEFB is categorised as lignocelluloses waste, it consists of high 
percentage of cellulose.6,7 OPEFB is usually disposed in landfills, burnt off or 
composted to organic fertiliser. Burning of these wastes can lead to environmental 
problems such as air pollution. Several issues regarding the proper management 
and regulation of these lignocelluloses residues can be resolved by optimally 
employ these natural resources to its fullest extent. For instance, scientists can 
investigate and reveal some potential uses of these biomass wastes and modify 
them in a way that they can be more viable for numerous applications.7,8

The term green composites can be referred to environmental friendly 
materials with the use of green matrix in addition to natural fibres.9 All-cellulose 
composite (ACC) is one of the green composites being studied extensively in recent 
works.2,6,9 ACC can be described as “single-material composite” or “self-reinforced 
composite” because it uses the same cellulose source for both the reinforcement 
and matrix. The main advantage of this composite is that the interface or chemical 
bonding between the reinforcement and matrix can be improved or enhanced.9  
ACC can be produced by the process of “surface selective dissolution” of the 
cellulose materials. This concept can be explained when the surface layer of 
cellulose is dissolved by the cellulose solvent which is then regenerated to form the 
matrix domain surrounding the non-dissolved part of the cellulose which remains 
as the fibre reinforcement of the composite.6,9
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Since cellulose is made up of complex structure, it cannot be dissolved 
in most solvents. Nonetheless, they are some solvents that can facilitate the 
dissolution process of cellulose such as N, N–dimethyl acetamide/lithium chloride 
(DMAC/LiCl), N–methylmorpholine N–oxide (NMMO), ionic liquids (ILs) and 
others. DMAC/LiCl system is thought to be a good solvent for cellulose due to 
its ability to allow great cellulose-solvent interactions.6,10 Therefore, this solvent 
system is well recognised among researchers and adapted to conform to different 
types of cellulose sources.11

In this study, the ACC films were produced using nanocellulose derived 
from the OPEFB. DMAC/LiCl solvent system was used, whereby the partially 
dissolved cellulose was transformed into the matrix phase surrounding the 
remaining non-dissolved fibres. The effects of cellulose chemical treatment by 
formic acid on tensile properties, water absorption and soil biodegradability of the 
ACC films were studied and reported herein.

2.	 METHODOLOGY

2.1	 Materials

The raw materials used in this study were OPEFB which was used as received 
from Malaysian Palm Oil Board (MPOB) Bangi, Selangor and microcrystalline 
cellulose (MCC) from cotton linters (Aldrich Chemistry) with the average size 
of 51 μm. The chemicals used for the production of ACC films were; sodium 
hydroxide (NaOH), ethanol (C3H3OH) and acetone (C3H6O), which were supplied 
by HmbG® Chemicals. Sodium chlorite (NaClO2) was supplied by Sigma-Aldrich 
(Germany) and was used in the bleaching treatment of the OPEFB fibre. Sulfuric 
acid was used during the hydrolysis step of OPEFB and has a molar mass of 98.10 
g mol−1. Formic acid is a product of PC Laboratory Reagent and was used to treat 
the nanocellulose. N,N–Dimethylacetamide (DMAC) was also manufactured by 
Merck, Germany and was used to dissolve the cellulose. Lithium chloride (LiCl) 
was supplied by Across, Belgium and was used together with DMAC to dissolve 
the cellulose.

2.2	 Chemical Isolation Processes of OPEFB Fibre to Obtain the 
Nanocellulose

Firstly, the OPEFB fibre was treated in 4% NaOH solution at the temperature of 
80°C for 1 h under stirring conditions. Then, the filler was subjected to distilled 
water and filtered in order to remove the alkaline. This step was repeated in a count 
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of four times to assure substantial removal of the hemicellulose. The bleaching 
treatment was employed on the OPEFB fibre after it was dispersed in distilled 
water. The resultant OPEFB suspension was then bleached using the diluted 
NaClO2 and mechanically stirred for 1 h at 80°C. The step was repeated three 
times to assure the removal of the lignin and hemicellulose. The treated fibre 
was subsequently washed with distilled water and filtered. The acid hydrolysis 
using 65% H2SO4 was conducted under stirring condition at a temperature of 
45°C. The suspension of OPEFB was washed with cold distilled water in order 
to stop the reaction. The OPEFB suspension was then centrifuged at the speed 
of 7,500  rpm for about 15 min and this procedure was repeated for 10 times.  
The produced nanocellulose was homogenised for 30 s at 5,000 rpm before being 
dried in an oven at the temperature of 50°C for 24 h.

2.3	 Chemical Treatment of OPEFB Nanoellulose using Formic Acid

This method was in accordance to Koay and Husseinsyah (2016).12 The chemical 
treatment process was conducted by employing 3% (v/v) of formic acid which  
was dissolved in C3H3OH and stirred. Then, OPEFB nanocellulose was added into 
the solution and stirred for a while. After stirring, the solution was left overnight. 
The next day, the treated OPEFB nanocellulose was filtered and dried in an oven 
at a temperature of 70°C. 

2.4	 Preparation of ACC Films

Prior to the dissolution of cellulose, the OPEFB nanocellulose and MCC were 
activated in the following solvents, firstly, in C3H6O (for 1 h and dried in oven) 
followed by DMAC (for 1 h and dried in oven). This activation step was conducted 
to ensure the cellulose swell before the dissolution process. For the dissolution 
step, the activated OPEFB nanocellulose and MCC were dissolved in DMAC for 
10 min. Next, LiCl at 8% (wt. vol−1) was added to the mixture. The mixture was 
constantly stirred for 30 min until the LiCl completely dissolved in the solution. 
The cellulose solution was then poured onto a glass plate and left overnight. The 
next day, the resultant composite films were washed with distilled water to remove 
the residual of DMAC/LiCl before letting it dried at room temperature for a day.



Journal of Engineering Science, Vol. 16(1), 75–95, 2020	 79

2.5	 Characterisation and Testing	

2.5.1	 Characterisation of the OPEFB nanocellulose

2.5.1.1	 Transmission electron microscopy (TEM)

TEM model FEI TECNAI 20 was utilised to examine the morphology of the 
OPEFB nanocellulose. This analysis was also conducted to determine the size of 
the cellulose. The TEM procedure was conducted at SIRIM Kulim, Kedah. Prior 
to the imaging by TEM, the provided sample was sonicated in isopropanol to allow 
dispersion of the nanofiber. Without this process, the image of the nanocellulose 
could not be observed due to agglomeration of the cellulose particles. The 
magnification used was 97,000×.

2.5.1.2	 Fourier transform infrared (FTIR)

Perkin Elmer spectrum FTIR spectrometer was used to analysis the functional 
groups of raw OPEFB fibre, OPEFB nanocellulose and formic acid-treated 
OPEFB nanocellulose. The wave number range was between 500 to 4,500 cm−1. 
The spectra were recorded with 16 scans and resolution of 4 cm−1.

2.5.2	 Assessment on the properties, structure and morphology, moisture 
absorption and soil biodegradability of the ACC films

2.5.2.1	 Tensile test

Instron Universal Testing Machine, model 5590, was used to conduct the tensile 
test which was based on ASTM D882. The cross-head speed of the testing was at 
10 mm min−1. Five replicates were tested for each sample. The mean values of the 
tensile strength, elongation at break and modulus of elasticity were recorded.

2.5.2.2	 Microscopy characterisation

The scanning electron microscope (SEM), model JEOL JSM-6460LA was used to 
analyse the tensile fractured surface of the ACC films. The scan of SEM was run at 
the voltage of 10 and 20 kV. The samples were coated with a thin layer palladium 
to avoid charging, prior to imaging. 
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2.5.2.3	 Moisture absorption test

Samples with the dimensions of 2 cm × 1.5 cm were prepared for water absorption 
test. The test was conducted at room temperature. The samples were first dried in an 
oven for 24 h at a temperature of 50°C. Prior to the test, the samples were weighed 
to determine their initial weight. At regular time (which is once a week), the weight 
of the humid film samples was recorded to determine the rate of absorption. The 
following equation was used to calculate the moisture absorption of the samples:

Moisture absorption (%) = Wh – Wo × 100 (1)
Wo

Wh: weight of humid samples
Wo: initial weight of samples

2.5.2.4	 Soil biodegradability test

This testing was conducted based on the procedure used by Laxmeshwar 
et  al.,13 Koay and Husseinsyah,12 and Zain, Wahab and Ismail.14 The ACC 
films were subjected to soil burial test for the duration of three months. The 
initial weight of the dry film samples was taken. The films with the size of  
5 cm × 1.5 cm were buried in the soil by which the soil was sprayed with water 
once a week. The weight loss rate was calculated whereby the data was taken once 
a week by collecting the samples from the soil. Any soil and dirt on the films were 
removed. The samples were then dried in an oven at 50°C for 24 h before the films 
were weighed accordingly. The equation for determining the weight loss of the 
ACC films is as followed:

Weight loss (%) = Wi – Wd × 100 (2)
Wi

Wi: initial weight of dry samples
Wd: dry weight of degraded samples
The weight loss rate indicates the biodegradation rate of the films.
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3.	 RESULTS AND DISCUSSION

3.1	 Morphology of OPEFB Nanocellulose and Characterisation of 
Untreated and Formic Acid-Treated OPEFB Nanocellulose

3.1.1	 TEM of OPEFB nanocellulose

The TEM images of the untreated OPEFB nanocellulose can be observed in  
Figure 1. The TEM analysis revealed the presence of nano-size cellulose 
(nanocellulose) with the average size of about 10 nm in length. Nonetheless, the 
image showed that the nanocellulose appeared to be in agglomerated form. This 
can be related to the findings of Lani et al. who have indicated that the occurrence 
or development of agglomeration is as a result of the Van der Waals forces 
attraction that take place between the nanoparticles.15 This finding suggested 
that the extraction or isolation step of the OPEFB fibre led to the development of 
OPEFB nanocellulose. 

Nano 
cellulose

10 nm

Figure 1:  TEM image of the OPEFB nanocellulose at 97 k× magnification.

3.1.2	 Comparison on the FTIR analysis of the untreated and treated 
OPEFB nanocellulose

The FTIR spectra of untreated and formic acid-treated OPEFB nanocellulose are 
shown in Figure 2. The peak at ~ 3,340 cm−1 for untreated nanocellulose and formic 
acid-treated nanocellulose reflex the stretching vibrations of –OH group while the 
peaks between 2,888 to 2,892 cm−1 are correlate to the stretching vibration of C–H 
group.15−17 The sharp peaks at 1,036 cm−1 (untreated nanocellulose) and 1,039 cm−1 
(formic acid nanocellulose) correspond to the C–O–C pyranose ring stretching 
vibration in the nanocellulose.16
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Figure 2:  FTIR spectra of the untreated and formic acid-treated nanocellulose.

Moreover, the band at 1,625 cm−1 for formic acid-treated nanocellulose 
correspond to the characteristic of carbonyl group (–C=O).17 This can be associated 
with chemical treatment which resulted in the substitution of hydroxyl group 
(OH) from nanocellulose with the –C=O from the formic acid, respectively.17  
The proposed molecular interaction between the nanocellulose and the formic acid 
is illustrated in Figure 3.

Figure 3:  Proposed molecular interaction between the nanocellulose and formic acid.
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3.2	 Tensile Properties, Structure Morphology, Moisture Absorption and 
Soil Biodegradability of the ACC Films

3.2.1	 Tensile strength

Figure 4 illustrates the tensile strength of the untreated and formic acid-
treated ACC films containing OPEFB nanocellulose in 1%, 2%, 3% and 4%  
(wt. vol−1) with uniform amount of MCC which is 3% (wt. vol−1). The mean 
values of both untreated and treated composite films are shown in Table 1. Both 
composite films exhibit similar trend by which the tensile strength decreased as 
the contents of OPEFB increased from 1% (wt. vol−1) to 4% (wt. vol−1). The rise 
in OPEFB nanocellulose content led to cellulose aggregations which result in the 
dispersion of filler phase to be more difficult and complex throughout the matrix 
domain. This is due to the ACC films which also consist of the MCC, therefore the 
mixture of cellulose from both OPEFB and MCC led to the saturation of cellulose 
inside the films. It is important to mention that the addition of MCC in this study 
was to provide strengthening effect to the ACC films as previously recommended 
by Thirion.18 Preliminary work was done in which the ACC films were produced 
without the addition of MCC. Unfortunately, the ACC films produced were 
too brittle. This finding was also observed by Thirion.18 As MCC was added in 
constant amount (3% (wt. vol−1)) in all the ACC films, the changes in the structure, 
morphology and properties of the ACC films reported in this work were assumed 
due to the OPEFB contents.

Apparently, the formic acid treatment of the nanocellulose enhanced 
the strength of the composite films containing 1%, 2%, 3% and 4 % (wt. vol−1) 
of OPEFB nanocellulose. Among all the treated ACC films, the one containing 
1% (wt. vol−1) OPEFB nanocellulose exhibits the highest tensile strength at  
25.1 MPa, by which the value increased by 214% as opposed to the untreated film 
at 1% (wt. vol−1) of OPEFB content. The treated ACC films show greater tensile 
strength probably due to the chemical treatments that reduced the hydrogen bonds 
of the nanocellulose. The presence of –C=O of the formic acid which substituted 
or replaced the OH of the nanocellulose, allows better dissolution of OPEFB 
nanocellulose in the solvent system, hence improve and enhance the interfacial 
adhesion between the matrix and fibre phase for better stress transfer mechanism. 
When the treated nanocelluloses were in contact with cellulose solvent (DMAC/
LiCl), the solvent was allowed to partly dissolved the treated nanocellulose surface 
much easier because hydrogen bonds have been reduced.9,10 Therefore, better 
dissolution of the nanocellulose in the solvent can be achieved which can lead to 
enhancement of the interfacial interactions between the dissolved cellulose matrix 
and the non-dissolved cellulose fibre in the composite films.
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Table 1:  Tensile strength values of the untreated and formic acid-treated ACC films.

OPEFB contents %  
(wt. vol−1)

Untreated ACC films  
(MPa)

Formic acid-treated ACC films 
(MPa)

1 8.0 ± 0.4 25.1 ± 1.3

2 6.7 ± 0.3 13.3 ± 0.7

3 5.9 ± 0.3 9.7 ± 0.5

4 4.9 ± 0.2 7.1 ± 0.4
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Figure 4:	 The effect of OPEFB nanocellulose contents on the tensile strength of the 
untreated and formic acid-treated ACC films.

A study by Govindan et al. on modified nypa fruticans regenerated 
cellulose biocomposite films using acrylic acid showed that the presence of 
acrylic acid has enhanced the tensile strength and Young’s modulus of nypa 
fruticans regenerated cellulose biocomposite films compared to the unmodified 
films.19 Furthermore, Farah, Salmah and Marliza have conducted a research on 
the effect of butyl methacrylate on properties of regenerated cellulose coconut 
shell biocomposite films which showed that the treated biocomposite films with 
butyl methacrylate resulted in the improvement of the tensile strength, modulus of 
elasticity and crystallinity index (CrI) of the films.20
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However, it can be seen that the treated films demonstrated a reduction in 
the tensile strength when the OPEFB nanocellulose contents was higher than 1% 
(wt. vol−1). This could be due to the agglomeration of the cellulose particles which 
derived from both MCC and OPEFB. This situation is in good agreement with the 
findings of Zailuddin et al.21

3.2.2	 Elongation at break

Figure 5 displayed the effect of OPEFB nanocellulose contents on the elongation 
at break for both untreated and formic acid-treated ACC films at 3% (wt. vol−1) 
of MCC and different OPEFB contents (1%, 2%, 3%, 4% (wt. vol−1)). The mean 
values of elongation at break for both composite films are tabulated in Table 2. 
There is no compelling difference for the elongation at break values of both types 
of films when the OPEFB nanocellulose contents increased from 1% (wt. vol−1) to 
4% (wt. vol−1). 

Generally, in a conventional composite system, the presence of higher 
filler content would commonly increase the rigidity of the composite, thus 
reducing the elongation at break (flexibility) of the material. However, for this 
type of composite films the elongation at break results demonstrated no substantial 
changes. The elongation at break for the untreated films showed insignificant 
changes probably due to the surface area of the nanocellulose which were not high 
enough to generate large mechanical restrained especially when the interfacial 
interactions between the filler phases and matrix are feeble. Furthermore, it can 
be inferred that the amount of filler phase inside the matrix domain was not ample 
enough to allow substantial changes in the elongation at break of the ACC film 
even though the OPEFB contents increased to 4% (wt. vol−1). 

As for the formic acid-treated ACC films, the enhanced interfacial adhesion 
between the fibre and matrix domains should also improve and enhance the rigidity 
of the ACC films. Hence, lowering or decreasing the elongation at break values is 
expected. Nonetheless, the substitution of the OH group of the nanocellulose with 
the HCO group of the formic acid during the treatment has caused greater mobility 
in the polymer molecular chains, therefore the elongation at break value did not 
essentially change upon the chemical treatment. Moreover, this deformation 
performance of the ACC films also can be influenced by factors like absorption of 
moisture from the surrounding environment and incomplete dispersal of the fibre 
phase inside the matrix phase which can restrict stiffening of the films.
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Table 2:  Elongation at break values of the untreated and formic acid-treated ACC films.

OPEFB contents %  
(wt. vol−1)

Untreated ACC films  
(%)

Formic acid-treated ACC films  
(%)

1 12.2 ± 0.6 12.1 ± 0.6

2 12.3 ± 0.6 12.2 ± 0.6

3 12.5 ± 0.6 12.4 ± 0.6

4 13.1 ± 0.7 12.7 ± 0.6
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Figure 5:	 The effect of OPEFB nanocellulose contents on the elongation at break of the 
untreated and formic acid-treated ACC Films.

3.2.3	 Modulus of elasticity

Figure 6 shows the modulus of elasticity of the untreated and formic acid-
treated composite films incorporating OPEFB nanocellulose at various 
contents (1%, 2%, 3%, 4% (wt. vol−1)) and constant amount of MCC (3%  
(wt. vol−1)). Table 3 summarises the mean values of modulus of elasticity of the 
ACC films. The modulus of elasticity values of the untreated ACC films exhibit very 
small decrement when the OPEFB contents increased from 1% (wt. vol−1) to 4%  
(wt. vol−1). Inhomogeneous morphology of the untreated ACC films which consist 
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of incomplete cellulose dispersal may results in interference in load transfer 
efficiency, thus causing some reduction in its stiffness property, even though 
the OPEFB nanocellulose contents increased to 4% (wt. vol−1). Besides that, the 
modulus of elasticity of the formic acid-treated ACC films showed a reduction 
trend when the OPEFB contents increased from 1% (wt. vol−1) to 4% (wt. vol−1). 
The reason for the decrement probably due to the saturation of the cellulose 
contents (OPEFB nanocellulose and MCC) that can lead to particles aggregation 
which result in their poor dispersion in the solvent. Eventually, lowering of the 
modulus occurred.

Table 3:  Modulus of elasticity values of the untreated and formic acid-treated ACC films.

OPEFB contents % (wt. vol−1) Untreated ACC films Formic acid-treated ACC films

1 179.8 ± 9.0 606.6 ± 30.3

2 167.7 ± 8.4 563.4 ± 28.2

3 164.7 ± 8.2 314.3 ± 15.7

4 156.0 ± 7.8 235.8 ± 11.8
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Figure 6:	 The effect of OPEFB nanocellulose contents on the modulus of elasticity of the 
untreated and formic acid-treated ACC Films.
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The increase in OPEFB nanocellulose contents generates more cellulose 
aggregations which can result in difficulty in terms of cellulose dispersion. This 
can affect or influence the load transfer efficiency, hence decreasing the modulus. 
Among all the films, formic acid-treated ACC films at 1% (wt. vol−1) of OPEFB 
content exhibit the highest modulus with the value of 606.6 MPa. The treated 
composite films exhibit better modulus of elasticity as opposed to the untreated 
films is presumably due to the OPEFB nanocellulose/MCC being well dispersed 
in the solvent system. The good interfacial interaction between the matrix phase 
and the filler phase contribute to a better or enhance filler distribution in the 
ACC films. A study by Govindan et al. showed that when the nypa fruticans 
was modified with acrylic acid, the regenerated cellulose biocomposite film 
possessed improved tensile strength and Young’s modulus.19 Another research 
by Hahary et  al. who studied the properties of ACC films from coconut shell 
powder and MCC showed that the addition of the coconut shell powder content in  
3 wt. % has resulted in an increment of tensile strength and modulus of elasticity 
of the ACC film while elongation at break decreased.20 

3.2.4	 SEM of the formic acid-treated ACC films

The SEM tensile fractured surface of both formic acid-treated ACC films at 1% 
and 4% (wt. vol−1) OPEFB contents are shown in Figure 7(a) and (b). It can be 
observed from Figure 7(b) that the cluster of cellulose results in a rougher surface 
when 4% (wt. vol−1) OPEFB was employed to produce the ACC film. However, 
for 1% (wt. vol−1) OPEFB treated film, the micrograph demonstrates a smoother 
surface. This SEM analysis supports the tensile strength results whereby the treated 
films at 1% (wt. vol−1) of OPEFB contents has higher tensile strength compared to 
the treated film at 4% (wt. vol−1) of OPEFB content. 

Figure 7:	 SEM micrographs of tensile fractured surface of formic acid-treated ACC films 
at (a) 1% (wt. vol−1) OPEFB contents and (b) 4% (wt. vol−1) OPEFB contents.
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3.2.5	 Moisture absorption of the ACC films

The moisture absorption of ACC films containing constant amount of MCC plus 
1% (wt. vol−1) and 4% (wt. vol−1) of OPEFB contents are shown in Figure 8(a) 
and (b). This section of experiment is conducted within the time span of three 
months. It can be seen from Figure 8(a), between weeks 8th to 10th, formic 
acid-treated ACC film at 1% (wt. vol−1) of OPEFB content, absorbed more  
moisture at about 10.56% to 21.13%, respectively. The reason for this is due to 
the structure of the treated cellulose with formic acid having no alkyl group like 
methyl (CH3) attached as substituted group in the nanocellulose structure during 
the modification process. This alkyl group are known to be non-polar therefore 
they are considered to be hydrophobic. Since the treated film with formic acid does 
not consist of these functional groups, the molecular chains are more permeable to 
moisture/water. 

Generally, when treatment is made to the cellulose, it will become 
more hydrophobic therefore attraction to moisture or water would be lower or  
decrease.22 In this study, the substitution or replacement of the –OH group of 
the nanocellulose with the functional groups of the formic acid treatment led 
to the reduction of hydrogen bonds. This results in the formation of more free 
volume within the cellulosic molecular chains which can allow higher degree of 
the moisture to be permeated inside the treated ACC films. Pang et al. explained 
in their article that the acetylation of cellulose causes the hydrogen bond to be 
partially destroyed and the appearance of lateral spaces between the long cellulose 
chains. Furthermore, the untreated films shrink to a considerate extend which result 
in a thicker film to be formed as opposed to the treated films. This consequently 
led to slow moisture absorption into the untreated films.23 That is why formic 
acid-treated ACC film tends to absorb more moisture compared to the untreated 
composite films.

The ACC films containing 4% (wt. vol−1) of the untreated OPEFB 
nanocellulose tend to absorb more moisture as compared to the ACC films with 
1% (wt. vol−1) of the untreated OPEFB nanocellulose. This phenomenon can be 
clearly observed on 13th week. This trend can be correlated with the findings of 
Lani et al. who suggested that the increase of nanocellulose content may enhance 
the water absorption rate because the aggregations of particles can form voids for 
the water molecules to diffuse in.15 The unsteady trends that the films illustrate 
during the whole 14 weeks could presumably due to the surrounding condition that 
could influence the absorption rate. The high moisture absorption rate that can be 
seen between ninth and 10th week could possibly due to the rise in the humidity 
due to the raining season.
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(b)

(a)

Figure 8:	 Moisture absorption of untreated and formic acid-treated ACC films at  
(a) 1% (wt. vol−1) and (b) 4% (wt. vol−1) of OPEFB contents.

3.2.6	 Biodegradability of the ACC films

The biodegradability of the ACC films was assessed through the percentage of 
weight loss of the materials upon the measured time. Figure 9(a) and (b) illustrates 
the weight loss of ACC films in soil for the duration of three months. It can be seen 
that the weight loss rate for formic acid-treated ACC films at 1% (wt. vol−1) of 
OPEFB contents is rather swift, which is 56.56% on the fourth week. This is then 
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followed by complete weight loss that happened on the following week. This can 
be related with the moisture absorption results by which the 1% (wt. vol−1) OPEFB 
treated films with formic acid absorbed more moisture than 1% (wt. vol−1) OPEFB 
untreated film. When more moisture is absorbed by the films, it will entice more 
microorganisms to grow and decompose the films.15 As a result, the formic acid 
treated ACC film degrades faster than the untreated ACC film. 

(b)

(a)

Figure 9:	 Weight loss of both untreated and formic acid-treated ACC films at  
(a) 1% (wt. vol−1) and (b) 4% (wt. vol−1) of OPEFB contents.
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Furthermore, it can be observed in Figure 9(b) that the weight loss for 
both untreated and treated ACC films with 4% (wt. vol−1) of OPEFB contents 
increased constantly until the end of the experiment. This is presumably due to the 
agglomerations of cellulose particles in the films which can leave voids between 
them, hence making excess for moisture from the soil to permeate efficiently into 
the films and subsequently increase the weight loss (biodegradation rate). This 
situation can be described further by Lani et al. whereby the fast disintegration of 
PVA/starch blend films is due to great amount of water the films absorbed which 
eventually results in microorganisms to attach and cultivate on the films.15

4.	 CONCLUSION

In this study, we have investigated the use of formic acid for chemical treatment 
of the OPEFB nanocellulose and analysed its efficiency to improve the tensile 
properties of the OPEFB cellulose-derived ACC film. Based on the FTIR spectra, 
it can be proved that the chemical treatment resulted in the substitution of OH 
from nanocellulose with the –C=O from the formic acid. This reduction in OH 
group of the cellulose assists in better dissolution of cellulose during the formation 
of the ACC film. Both treated and untreated ACC films show the highest value 
of tensile strength and modulus of elasticity when 1% (wt. vol−1) of OPEFB was 
used to form the composite. However, both types of ACC films exhibit reduction 
in tensile strength and modulus of elasticity when the OPEFB content increased 
from 1% to 4% (wt. vol−1). This could be due to cellulose particle aggregations 
and saturation that induced the formation of stress concentrated area along the 
composite structure. Nevertheless, the treated ACC films showed higher tensile 
strength and modulus of elasticity as compared to the untreated ACC films due 
to improved interfacial interactions between the dissolved cellulose matrix and 
the non-dissolved cellulose fibre in the biocomposite films. Furthermore, chemical 
treatment of the OPEFB nanocellulose using formic acid caused higher water 
absorption rate of the resultant ACC film. This subsequently induced greater bio-
degradation rate of the ACC films when buried in soil. 
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