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Preparation and Mechanical Properties of
Lignocellulosic Composite Films Based on Poplar Wood
Flour and Waste Filter Paper
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Novel lignocellulosic composite films (LCFs) based on poplar wood flour
(PWF) and waste filter paper (WFP) were developed with 1-allyl-3-
methylimidazolium chloride ([Amim]Cl) as green solvent. Scanning
electron microscopy revealed that the dissolved part acted as the matrix
that combined with the insoluble part and reinforced the LCFs. Under the
same preparation conditions, there was an increased amount of the
insoluble part with an increased amount of PWF. The PWF and WFP
mass ratio was a key parameter that influenced the solubility of the raw
materials. The differences in the grammage, thickness, and mechanical
properties among the groups were related to the dissolution extent of the
raw materials. Group A (100 wt% WFP) had the best mechanical
properties because of the highest dissolution of cellulose. When the
PWF and WFP mass ratio increased, the mechanical properties of the
samples decreased and surface bonding became poor. Consequently,
the TS of group F (100 wt% PWF) was the lowest. The elongation and
elastic modulus showed the same trend as that of the TS.
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INTRODUCTION

Fast-growing poplar wood, which is widely planted in China, is an
environmentally friendly resource and has been modified for applications in a variety of
fields, such as furniture, construction, and decoration (Guo et al. 2017; Wang et al. 2017).
During the manufacturing of wood products, large amounts of wastes, such as sawdust,
shavings, and damaged boards, are generated, and these are renewable lignocellulosic
resources (Kuka et al. 2016; Uner et al. 2016).

Studies on the development of poplar wood products have mainly focused on
wood modifications to improve its overall performance (Qin and Zhang 2012; Lang et al.
2013), while studies on residues have mainly focused on conversion into value-added
bio-products (bio-fuels, chemicals, pulp and paper, composites, etc.) (Igbal et al. 2013; Si
et al. 2013).

Wood plastic composites (WPCs), which have been used to substitute structural
and non-structural wood and other materials, have attracted a great deal of research
attention (Mijiyawa et al. 2015; Kuka et al. 2016; Li et al. 2016).
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Wood plastic composite manufacturing is regarded as a green technology because
recycled plastics and waste wood-based fillers can be used. However, the poor
compatibility between hydrophilic wood-based fillers and hydrophobic polymer matrices
restricts its applications. This poor compatibility leads to the agglomeration of wood
fibers and weak interfacial adhesion between wood-based fillers and polymer matrices
and results in a low performance. To solve the interfacial bonding issue, one approach is
to add a coupling agent. However, the use of multi-components, which are difficult to
dispose of after being discarded, leads to environmental issues (Kaseem et al. 2015;
Borah and Kim 2016; Sommerhuber et al. 2017). Mono-material-based eco-design
concepts have attracted remarkable interest to overcome these problems. For example,
all-cellulose composite (ACC) was developed by partially dissolving a single cellulose
source with a solvent by adjusting the process parameters.

An approach similar to that for ACC production can be used for wood and
lignocellulosic fibers, though wood chips and flour are more difficult to dissolve than
cellulose (Duchemin et al. 2009; Soykeabkaew et al. 2009; Shibata et al. 2013a,b). Many
studies have shown that ionic liquids (ILs) are a new class of non-molecular, ionic
solvents with low melting points (< 100 °C), and they have been used successfully to
replace traditional solvents employed in a variety of synthetic and manufacturing
processes. Furthermore, ILs can be used to dissolve wood chips or flour (Kilpeléinen et al.
2007; Méaki-Arvela et al. 2010; Shibata et al. 2013a,b; Tisserat et al. 2015).

In this study, the IL 1-allyl-3-methylimidazolium chloride ([Amim]CI) was used
to partially dissolve the raw materials. The raw materials were composed of poplar wood
flour (PWF) and waste filter paper (WFP), which were used to develop new
environmentally friendly lignocellulosic composite films (LCFs).

The WFP, which contains a high cellulose content, was obtained from the
laboratory of Anhui Agricultural University (Hefei, China). The techniques of hot
pressing and coagulation bath were applied to the PWF and WFP mixture (Shu et al.
2017). Pure water (PW), a cheap and environmentally friendly anti-solvent, was used to
extract the [Amim]Cl from the composites. The effect of the PWF and WFP mass ratio
on the mechanical properties of the LCFs was also investigated.

EXPERIMENTAL

Materials and Instruments

Hybrid poplar clones, 5 years to 6 years in age, were randomly collected from the
agricultural garden at Anhui Agricultural University. Lumber that was free from flaws,
such as knots, holes, cracks, fungi, and insect damage, was processed into PWF to pass
through a 30-mesh screen and be retained on a 50-mesh screen. The [Amim]ClI, with a
purity of 99.0%, was purchased from Lanzhou Institute of Chemical Physics, Chinese
Academy of Sciences (Lanzhou, China), and used without further purification. The PW
was manufactured in the laboratory at Anhui Agricultural University. The WFP (98% a-
cellulose) was collected from the laboratory at Anhui Agricultural University and had a
density of 88 g/m? and thickness of 180 um; they were originally supplied by General
Electric Biotechnology Co. Ltd. (Hangzhou, China). The instruments used in this study
are listed in Table 1.
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Table 1. Instruments Used for the Experiments and Analysis

Name Model Manufacturer
Ball mill TL-2020 Beijing Haonuo_§| Techr]ology Co., Ltd.
(Beijing, China)

. N Zhengzhou Kehua Instrument and
Digital magnetic stirrer SZCL-3A Equipment Co., Ltd. (Zhengzhou, China)
Vacuum drying oven DZE-6050 Nanijing Tlanhuapg Machmery Co., Ltd.

(Nanjing, China)
. . Shanghai Sanfa Scientific Instrument Co.,
Air drying oven DHG-9070 Ltd. (Shanghai, China)

i Wuhan Qien Science and Technology
Hot press R-3212 Development Co., Ltd. (Wuhan, China)

lon sputter coater E1010 Hitachi Group (Tokyo, Japan)

Field emission scanning Hitachi S-48 Hitachi Group (Tokyo, Japan)

electron microscope
Electromc.umversa'l material AG-X plus Shimadzu Corporation (Suzhou, China)
testing machine

Preparation of the LCFs

The 30-mesh to 50-mesh PWF was dried to a constant mass in an oven at a 60 °C,
and so was the collected and cleaned WFP. The prepared PWF and WFP were separately
stored in a desiccator until they were used.

For every group, the mass ratio of the PWF/WFP to [Amim]CI was 1:4, while the
PWF and WFP mass ratios were different (Table 2). Group A was composed of 100 wt%
WFP. Groups B, C, D, and E were obtained by decreasing the WFP content and
increasing the PWF content. Group F was composed of 100 wt% PWF. The untreated
original WFP (CK) acted as the control.

PWF/WFP and [Amim]CI were placed into the ball mill and sealed for cooling in
liquid nitrogen for 30 min. Then it was milled for 15 min at a rotational speed of 1700
rom. The milled mixture was put into a round-bottomed flask for heating with a
temperature of 100 °C for 60 min under moderate magnetic stirring.

The heated mixture was sandwiched between stainless steel molds coated with
Teflon film and pressed on the hot press for 15 min at a temperature of 150 °C and
pressure of 20 MPa. The molds with the pressed mixture were immediately cooled in PW;
then, the cooled film was peeled off. The PW was replaced every 3 h for 48 h to extract
the [Amim]CI from the film. Then, the film was placed between glass plates for drying in
the vacuum oven at a temperature of 40 °C until the variation in the mass was within
0.001 g. Before characterization, the films were conditioned for at least 48 h at 23 °C and
a 50% relative humidity.

Table 2. Design of Experiment

Group A B C D E F
PWF (wt%) 0 20 40 60 80 100
WFP (wt%) 100 80 60 40 20 0

[Amim]CI (wt%) 400 400 400 400 400 400
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Testing
Morphological study

Scanning electron microscopy (SEM) was used to visualize the microstructure
and evaluate the surface morphology of the LCFs. The dried samples were sputter-coated
with gold using the ion sputter coater for 15 s with a current of 10 mA prior to
observation. Then, the surface topography of the samples was observed with the electron
microscope under vacuum at an accelerating voltage of 5 kV.

Physical properties

The dimensions of the samples used for measuring the thickness and grammage
were 30 mm x 5 mm. A spiral micrometer and scale were used to determine the thickness
and mass, respectively. Each test was repeated on three specimens.

Mechanical properties

The mechanical properties of the LCFs were measured on the universal material
testing machine at a cross-head speed of 5.0 mm/min at room temperature. The
specimens were rectangular with the dimensions 30 mm x 5 mm. The length between the
two grips was 15 mm. Each test was repeated on three specimens, and the mean values
and standard deviations were analyzed. The stress, strain, and Young’s modulus were
calculated according to the testing results, and the tensile strength, elongation at break,
and initial Young’s modulus of the samples were obtained.

RESULTS AND DISCUSSION

Microscopic Morphology

The SEM images of the morphology of each group are shown in Fig. 1. The raw
material in each group was fused into a relatively homogeneous macrostructure. The
mixture of WFP and PWF partially dissolved to form a matrix and combined with the
insoluble components. Figure 1 also shows that the dissolution rates were different
because of the different WFP and PWF mass ratios among the groups. The surface
morphology of group A was more homogeneous than that of the other groups because the
high cellulose content in the WFP was easy to dissolve (Kilpeldinen et al. 2007).

When the proportion of WFP increased, the PWF was not able to be completely
dissolved. There were more insoluble cellulose crystal structures in the films, which
resulted in the bulk materials not closely bonding with each other. Therefore, the
mechanical properties of the films decreased and the surface bonding state became poor.

When the PWF content was less than 60 wt%, dissolved components easily
formed continuous matrices to connect undissolved lignocellulose. With an increased
PWEF content, the network between the lignin and cellulose crystals in the wood flour
limited the dissolution of the PWF. Consequently, the undissolved components tended to
aggregate, and the bond strength was insufficient to withstand higher loads. For example,
the surface morphology of group F showed some aggregated parts that overlapped, which
led to a decrease in the mechanical properties of group F. Thus, the results of the SEM
analysis supported the results of the analysis of the mechanical properties.
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Fig. 1. SEM images of the samples at 400x magnification: (A) Group A; (B) Group B, (C) Group
C, (D) Group D, (E) Group E, and (F) Group F

Thickness and Grammage

Figure 2 shows that the grammage of group A was the greatest and its thickness
was the lowest among all of the groups, including the CK. This was because of its high
cellulose content. The original paper was loosely composed of large pores and cellulose
fibers. Also, cellulose dissolves more easily than wood flour (Sun et al. 2009; Shu et al.
2017). The dissolved cellulose was able to regenerate to form a dense film.

With an increased proportion of PWF, the samples became thicker, although the
thickness varied little. Meanwhile, the grammage decreased continuously (except for
group F) and the structure became progressively looser. This might have been caused by
more insoluble components in the solution system. However, because of the limited
dissolution of Group F, its grammage did not follow the decreasing trend, and visible
wood powder particles could be seen on the surfaces of the samples. This indicated that
different dissolution rates directly influenced the interfacial binding capacity between the
regenerated cellulose and insoluble components, which would lead to different
mechanical properties (Tisserat et al. 2015).
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Fig. 2. Thickness and grammage of the samples

Mechanical Properties

Figure 3 shows the mechanical properties of each group. It was evident that the
tensile strength, elongation at break, and initial Young’s modulus decreased with the
incorporation of PWF. The greatest decrease was from group A to group B. For example,
the change in the elongation at break was 12.1%. Subsequent decreases were relatively
lower. This result was because the cellulose content in group A was the highest. Cellulose
could be easily dissolved by [Amim]CI, but there were cellulose, hemicellulose, lignin,
and other macromolecules in the PWF.

The amorphous structure of the lignin acted like a binder connecting the cellulose
and hemicellulose, which could be the main influence that made the PWF more difficult
to dissolve than the WFP (Shibata et al. 2013a). For group A, which had no PWF in the
mixture, the dissolved cellulose in the WFP was intertwined closely and the interfacial
binding capacity of the regenerated cellulose was greater than that of the other groups
(Tisserat et al. 2015). Thus, group A exhibited the best tensile properties with the greatest
tensile strength (114.4 MPa), elongation at break (19.4%), and initial Young's modulus
(4.4 GPa).

When the mass ratio was less than 60 wt%, the network between the carbohydrate
and lignin could be broken by the IL, and the dissolved components could disperse and
distribute among the undissolved components. Their tensile strengths were better than
that of the CK, which did not undergo the IL treatment.

With an increased poplar fiber content in the mixture, it’s more difficult for IL to
penetrate the network structure formed by cellulose, hemicellulose and lignin, which
resulted in a lower percentage of dissolved components. Therefore, there was more
uneven fiber dispersion and aggregation in the composite system (Zhao et al. 2009).

Group F (100 wt% PWF) had the lowest tensile strength (5.3 MPa), elongation at
break (0.5%), and initial Young’s modulus (1.4 GPa) of the treatment groups. Clearly, the
trends of the tensile strength, elongation at break, and initial Young’s modulus were
similar. However, the CK showed some differences across the properties. The elongation
at break of the CK was 11.0%, which was less than for group A and greater than for any
of the groups containing PWF. The initial Young’s modulus of the CK was 0.7 GPa,
which was less than that of all of the other groups. Meanwhile, the tensile strengths of
groups A through D were greater than that of the CK (15.1 MPa).
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Fig. 3. Mechanical properties of the samples: (a) Elongation at break, (b) Tensile strength, and
(c) Initial modulus of elasticity

CONCLUSIONS

1. A novel, environmentally friendly bio-composite lignocellulosic composite films
(LCFs) based on renewable low-cost raw materials was developed via the ionic
liquid JAmim]Cl as green solvent to substitute petroleum-based products.

2. Mixtures with different mass ratio of raw materials showed different solubilities.
Therefore, different mass ratios of matrix and reinforcement part led to different
surface bonding states. The grammage, thickness, and mechanical properties of
LCFs were also related to the dissolution of the raw materials.

3. Group A (100 wt% waste filter paper (WFP)) had the best mechanical properties.
This was attributed to the highest dissolution of cellulose in the raw material.
When the poplar wood flour (PWF) content was increased, the content of the
insoluble components also increased under the same processing conditions.
Consequently, the tensile strength decreased with the increasing of PWF content.
Even so, that of group D (60 wt% PWF) was greater than that of the untreated
original WPF (CK), which indicated the appropriate PWF and WFP mass ratio
may meet the needs of application.

4. The elongation and elastic modulus showed the same trend as that of the tensile
strength. Thus, the PWF and WFP mass ratio was found to be the main factor that
affects the dissolution of the raw materials, and further affects the mechanical
properties of the LCFs. Choosing the proper PWF and WFP mass ratio is
important for the development of environmentally friendly LCFs with the desired
properties.
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