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Mechanical and Physical Properties of Regenerated
Biomass Composite Films from Lignocellulosic
Materials in lonic Liquid

Kehong Zhang,*®* Hui Xiao,? Yuhang Su,” Yanrong Wu,? Ying Cui,? and Ming Li 2

As an important sustainable source of biomass, lignocellulosic materials
are highly recalcitrant to biotransformation, which limits their use and
prevents economically viable conversion into value-added products. lonic
liquids (ILs) have emerged as attractive solvents for lignocellulosic
biomass pretreatment in the production of biochemical feedstocks. In this
work, a mixture of wood powder and waste paper was dissolved in the
ionic liquid 1-allyl-3-methylimidazolium chloride ([AMIM]CI). Composite
films were made from the regenerated lignocellulosic materials in
[AMIMICI by adjusting the ratio of the raw materials. The physical and
mechanical properties of biomass composite films were determined by
optical microscopy (OM), Fourier transform infrared (FTIR) spectra, X-ray
diffraction (XRD), and tensile strength tests. The results indicated that
lignocellulosic materials were dissolved in [AMIM]CI by destroying inter-
and intramolecular hydrogen bonds between lignocelluloses. With
increasing waste paper cellulose content, the dissolution of the fir
powder in [AMIM]CI was accelerated, and the tensile strength and
elongation at break of the composite films increased. The rate of
dissolution initially rose rapidly with increasing content of waste paper
cellulose content, but the rate leveled off when the content was above
40%. This research highlights new opportunities for biodegradable
composite films made from waste biomass.
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INTRODUCTION

Due to the growing global awareness of the environment and the idea of
sustainability, the efficient utilization of biomass has received an increase in attention.
Lignocellulosic biomass, such as agricultural wastes, wood residues, and energy crops, is
considered to be the most available and renewable resource for the production of biofuels
and value-added bio-based products (Himmel et al. 2007; Behera et al. 2014). Wood is a
renewable source made of 35% to 50% cellulose, 5% to 30% lignin, up to 35%
hemicelluloses, and a small percentage of extractives. These components are assembled
in a complex three-dimensional structure that is resistant against chemicals and microbial
attack, making it difficult to hydrolyze. The insolubility of wood in common solvents has
hampered its utilization and prevents an economically feasible conversion into value-
added products.

Dissociation and separation of the main components of wood is needed to produce
high value products from lignocellulosic biomass (Abdulkhani et al. 2013). Traditionally,
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a strong base or mineral acids have been used to exploit the lignocellulosic materials. The
severity, irreversibility, and environmental pollution of conventional processes lead to
inadequate utilization of non-cellulose biopolymers, i.e., lignin and hemicelluloses. To
overcome these obstacles, several pretreatment strategies have been advanced in recent
years, e.g., physical, chemical, physicochemical, hot water, and biological (Liu and
Wyman 2005; Sousa et al. 2009; Binder and Raines 2010; da Silva et al. 2010; Brodeur
et al. 2011; Mora-Pale et al. 2011; Imman et al. 2013; Mood et al. 2013; Jonsson and
Martin 2016; Bhutto et al. 2017; Kumar et al. 2017). In all cases, the degradation of
lignin is unfortunate, resulting in a loss of a functional natural product that comprises
20% to 35% of the mass of lignocellulose.

Recently, attention has been drawn toward the application of ionic liquids (ILs)
with a strong hydrogen bond destroying ability in the processing of biopolymers (Xie et
al. 2007; Mahmood et al. 2017). In contrast with traditional organic solvents, ILs have
been applied in the dissolution and regeneration of lignin and lignocellulose, the
applications of developing biodegradable composites and advanced materials with
lignocellulosic biomass. Swatloski et al. (2002) first demonstrated that ILs can dissolve
cellulose. Later studies indicated that many factors, such as species of biomass, particle
size, and water content, influence the dissolution of lignocellulosic materials in ILs (Li et
al. 2010; Qin et al. 2010; Abdulkhani et al. 2013). The efficiency of dissolution of
lignocellulosic biomass in ILs increases with the increase of the dissolving temperature.
Cellulose can be dissolved in hydrophilic ILs such as 1-allyl-3-methylimidazolium
chloride ([AMIM]CI) and 1-butyl-3-methylimi-dazolium chloride ([BMIM]CI) (Wang et
al. 2011; Nemestothy et al. 2017; Rajeev et al. 2018). With the addition of the anti-
solvent, such as water, acetone, or ethanol, the dissolved cellulose can be regenerated
from ILs, and the regenerated cellulose has a lower degree of crystallinity. Compared
with native cellulose, the porosity of the regenerated cellulose increases significantly,
which results in a greater accessibility to the cellulases by the polysaccharide chains, an
increase in digestibility of the material, and a higher yield in the overall conversion
process. More recently, Li et al. (2008) has presented meaningful results about the
dissolution of full lignocellulosic materials such as wood, corn stalks, bagasse, and rice
straw in ILs, followed by cellulose hydrolysis with acid or enzymes. The ability of ILs to
dissolve polar and non-polar materials provides integrated bio-processing routes to
improve the utilization efficiency of lignocellulosic biomass.

The current work explores the influence of IL treatments and waste paper on the
dissolvability of wood powder under mild conditions. The IL [AMIM]CI, which is a good
solvent for lignocellulosic materials, was used to directly dissolve the ball milling fibrous
materials (Yoo et al. 2017). The waste paper cellulose was used as adjusting agent to
adjust the dissolution rate of wood powder in ILs. With the participation of the waste
paper, the dissolved ball milling wood powder in IL was used to make composite films,
which were characterized in terms of their physical and mechanical properties.

EXPERIMENTAL

Materials

Chinese fir, 5 years in age, was obtained from Huangshan in Anhui Province,
China. The pole was cut into small pieces by a saw machine. After being air dried, the
wood pieces were processed in a rotary ball mill. The wood powder that can pass through
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the 100 mesh sieve was collected and oven-dried to a constant weight. The waste paper
(WP, 98% a-cellulose) was collected from used filter paper in the laboratory with the
density of 80 g/m? and thickness of 150 um. The ionic liquid 1-allyl-3-methyl-
imidazolium chloride (JAMIM]CI), with the purity of 99.0%, was purchased from the
Lanzhou Institute of Chemical Physics (LICP) of the Chinese Academy of Sciences
(CAS) (Beijing, China). All other reagents and chemicals were from commercial sources
and used as received.

Pretreatment and Dissolution of Waste Paper

With a suitable ratio, waste paper and 30 wt% NaOH solution were poured into
Teflon-sealed autoclave and heated at 140 °C for 2 h. The waste paper cellulose was
obtained after removing any dirt on the surface of waste paper and the hemicelluloses.
Following the chemical treatments, the waste paper cellulose was filtered and rinsed with
distilled water until the solution was neutral, then washed with ethanol and dried in
vacuum at 105 °C and 0.04 MPa for 12 h before use. The mixture of waste paper
cellulose and ILs (mass ratio of 1:9, respectively) was added into a 250 mL round bottom
flask, which was immersed in an oil bath and initially stirred at 80 °C for 1 h and then
kept at 100 °C for 40 min in a nitrogen atmosphere. The transparent dissolved substance
was obtained.

Pretreatment and Dissolution of Fir Powder

The fir powder with a particle size of 100 mesh was extracted by the mixture of
ethanol and benzene (1:1, volume ratio) in Soxhlet extractor for 10 h. The extracted fir
powder was dried in a vacuum oven at 70 °C and 0.04 MPa for 12 h. The dried fir
powder was added into 25 wt% NaOH solution in the sealed PTFE autoclave and treated
at 140 °C for 2 h. Next, the fir powder was filtered and rinsed with distilled water until
the solution was neutral, then washed with ethanol and dried in vacuum at 70 °C and 0.04
MPa for 12 h. The treated fir powder and ILs were mixed at the mass ratio of 1:19,
respectively, and then poured into a 250 mL round bottom flask with the dissolved waste
paper cellulose by the mass ratio as shown in Table 1. The mixture was stirred at 80 °C
for 4 h and then kept at 100 °C for 40 min in a nitrogen atmosphere. The dissolution
system was centrifuged with the speed of 2500 r/s for 3 min.

Table 1. Sources and Dissolution Conditions of Biomass and Composition of the
Composite Films

Trial | Waste Paper (%) | Fir Powder (%) [AMIM]CI * (%) Dissolution Conditions (°C)
1 10.00 0.00 90.00 80 to 100
2 6.67 1.67 91.66 80 to 100
3 4.28 2.86 92.86 80 to 100
4 2.50 3.75 93.75 80 to 100
5 111 4.44 94.45 80 to 100
6 0.00 5.00 95.00 80 to 100
* 1-allyl-3-methyl-imidazolium chloride [AMIM]CI

Preparation of Composite Film Made of Fir Powder and Waste Paper
The dissolved mixture of fir powder and waste paper cellulose was coated with
polytetrafluoroethylene (PTFE) film, placed in a mold, and hot pressed for 15 min at 150
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°C and 20 MP. The composite film of wood powder and waste paper cellulose was placed
in distilled water to cool for 1 h. After taking off the PTFE film, the composite film was
immersed in distilled water to remove ILs for 24 h at room temperature. The distilled
water was changed every 4 h. The film was placed between two glass panels and
vacuum-dried at 40 °C (-0.1 MPa) for 24 h until it reached a constant weight. A series of
biomass composite films in different mass ratios of fir powder and waste paper cellulose
were obtained by this method, as shown in Table 1.

Dissolution Rate of Fir Powder in IL Assisted by Dissolved Waste Paper
Cellulose

The initial mass of fir powder in IL was recorded as mo. Assisted by the dissolved
waste paper cellulose, the fir powder was partly dissolved in ILs. The residue in the
bottom of centrifugal tube was rinsed and filtered with methyl alcohol, then dried in
vacuum at 50 °C and 0.04 MPa for 4 h. The resulting mass of fir powder residue was
recorded as mz. The dissolution rate (D) of fir powder in ILs was calculated with Eqg. 1.

D (%) = (mo - m1) / mo x 100% Q)

Mechanical Properties

All specimens were dried for an additional 24 h under a vacuum at room
temperature to remove residual water. The test specimens for tensile strength were cut
from larger samples of synthetic composite film using a scalpel, and the rectangular test
samples (30 mm long, 5 mm wide and 0.1 mm thick) were obtained. The tensile strength
(o) and the elongation at break (¢) of the films were measured on a universal material-
testing machine equipped with a 100 N load cell (SANS, Shenzhen, China) at room
temperature with test speed of 10 mm/min. The distance between the jaws was set at 10
mm. The reported o and ¢ values were the averages of five measurements.

Fourier Transform Infrared (FT-IR) Spectroscopy

Fourier transform infrared spectra (transmission) of the biomass composite films
were collected on a Bruker Tensor Il FTIR spectrometer (Karlsruhe, Germany). All
samples were tested in the range of 4000 to 500 cm™ by the transmission method. After
being mixed with potassium bromide (KBr), the samples were ground to a fine powder
using a mortar and pestle, then pressed into pellets. The spectra were obtained using an
average 32 scans with a spectral resolution of 4 cm™.

Morphological Study

The changes in the morphology of the biomass composite films before and after
treatment with [AMIM]CI were observed using MicAO 3DSR digital microscope
(Shenzhen, China). The dissolution behavior of cellulose in [AMIM]CI and the character
of the wood powder edge were obtained at 500x magnification.

Crystallinity Measurements

All treated and untreated biomass composite films were analyzed by X-ray
diffraction. The samples were scanned on a XD-3 Discovery diffractometer (PERSEE,
Beijing, China) from 26 =5 to 40° at a scan speed of 1°/min and a step size of 1°. The
cellulose crystallinity index (Crl) was determined via Eq. 2,
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Crl=Mx100 )

tot
where |t is the integrated intensity of the entire sample and lam is the summation of the
integrated intensity of the amorphous peak.

RESULTS AND DISCUSSION

Analysis of Dissolution of Lignocellulosic Materials in [AMIM]CI

The dissolution of a lignocellulosic biomass mixture made of wood powder and
waste paper cellulose in [AMIM]CI was studied by using the optical microscope, as
shown in Fig. 1. In previous studies, wood chips did not dissolve completely, leading to a
partial fraction of the sample; the dissolution rate of wood is highly dependent on its
particle size (Fort et al. 2007). There is a complex and compact structure that is the
wood’s cell wall and between the cellulose; hemicelluloses and lignin inhibit the
diffusion of ILs into its interior, resulting in only a partial dissolution of wood.

- oA e Fs. o 4
(d) Sample 4 (e) Sample 5 (f) Sample 6

Fig. 1. Optical micrographs of the dissolution of lignocellulosic materials in [AMIM]CI (x500)

Optical microscopy showed that the solubilization efficiency of lignocellulosic
materials in ILs decreased with the increase of wood powder content. When the wood
powder content was low, the cellulose chain in the waste paper was easily dissolved in
ILs by breaking the extensive hydrogen bonding network of polysaccharides and
promoting their dissolution (Remsing et al. 2006). Then, with the increase of wood
powder content in mixture, the residual hemicellulose and lignin in wood powder delayed
the penetration of ILs, leading to the lignocellulosic materials dissolving more slowly.
When the wood powder content was larger than or equal to 80%, the IL, [AMIM]CI, was
not able to effectively interact and dissolve the aromatic character of lignin, thus giving
rise to murky solutions.

The effect of waste paper cellulose on accelerating the dissolution of fir powder in
ILs is shown in Fig. 2. With the increase of the dissolved waste paper cellulose in the
lignocellulosic materials, the content of cellulose will increase, leading to an acceleration
of the dissolution of fir powder. The reason is that ILs can break the extensive hydrogen
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bonding network of cellulose and promote the dissolution of cellulose. Following
treatment with alkali, some hemicelluloses and lignin in fir powder were removed and the
permeability of ILs into the fir powder was increased. Particularly, with the increase of
the waste paper cellulose content in the range of 0 % to 40 %, the dissolution rate of fir
powder significantly increased. When the mass fraction of waste paper cellulose
exceeded 60%, the dissolution rate of fir powder increased slowly with the increase of the
waste paper cellulose content. As a small amount of dissolved waste paper cellulose were
introduced into the mixture of fir powder and [AMIM]CI, the freely moving cellulose
chain in [AMIM]CI accelerated the breakage of the hydrogen bonding network of
polysaccharides in the surface of the fir powder due to the low viscosity of the mixed
system. With the increased involvement of waste paper cellulose into the mixture of fir
powder and [AMIMI]CI, the growing viscosity constrained the movement of the cellulose
chains and decreased the promotional role of the cellulose chains on the dissolution of fir
powder. The growth of the dissolution rate of fir powder in [AMIM]CI slowed.
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Fig. 2. The effect of content of waste paper cellulose on dissolution of fir powder in [AMIM]CI

FT-IR Characterization

The FT-IR spectra of composite films regenerated from the dissolved
lignocellulosic biomass mixture in [AMIM]CI, original waste paper cellulose, and
original fir powder are presented in Fig. 3. From Fig. 3(a), it is clear that the peak at 1373
cm™ was associated with the C-H bending, and the absorption at 2902 cm™ was due to
the C-H stretching (Al Mualla et al. 2016). The band strength ratio of regenerated waste
paper cellulose (sample 1) and original waste paper cellulose indicated that the
crystallinity index of regenerated waste paper cellulose was reduced. Compared with the
original waste paper cellulose, the reduction of the hydrogen-bond interaction in the
regenerated waste paper cellulose led to a sharpening of the band and a shift of the
characteristic absorption peaks from short wavelength to long wavelength in the range of
approximately 3000 to 3600 cm™. Meanwhile, there were no obvious changes at the
peaks located at 617 cm™, 1061 cm™, 1373 cm™, 1640 cm™, 2902 cm™, and 3422 cm™,
which indicated that the chemical structure of cellulose did not change before and after
the dissolution.

The dissolution kinetics of fir powder in [AMIM]CI is illustrated by Fig. 3(b).
The transmittance of the peak at 2909 cm™ indicated that the crystalline degree of
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cellulose in the dissolved fir powder was reduced. Compared with the spectrum of the
original fir powder, the band of regenerated fir powder (sample 6) from [AMIM]CI at
1636 cm™ was broadened, and the transmittance increased. The same changes appeared at
1266 cm™ and 1050 cm™, which are the characteristic absorption peaks of cellulose in the
regenerated fir powder. After treatment with alkali, the vast majority of lignin and partial
hemicelluloses in the original fir powder are removed. So, the peak at 769 cm™, which is
attributed to the C-H bending vibration, disappeared in the regenerated fir powder. The
increase in the transmittance of absorption peak at 3397 cm™ indicated that the content of
water in the dissolved fir powder has decreased. The changes that appeared in the
spectrum of regenerated fir powder illustrated that the cellulose in the fir powder were
partly dissolved. Figure 3(c) presents the spectra of sample 2 and sample 4, which
illustrates the effect of dissolved waste paper cellulose on the dissolution of fir powder in
[AMIMI]CI. By comparing the two spectra, the changes in absorption peaks at 3383 cm™,
1645 cm?, 1431 cm?, 1111 cm?, and 1058 cm™ indicated that the introduction of

dissolved waste paper cellulose had a positive impact on the dissolution of fir powder in
[AMIM]CI.
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Fig. 3. FT-IR spectra of (a) original waste paper cellulose and sample 1, (b) original fir powder
and sample 6, and (c) sample 2 and sample 4
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Fig. 4. X-ray spectra of regenerated lignocellulosic materials from [AMIM]CI

Table 2. Crystallinity Indexes of Regenerated Biomass Composite Films

Trial Crystallinity Index (%)
64.86
45.15
41.36
28.19
27.48
29.13

OB [WIN|F-

XRD Characterization

The X-ray spectra of regenerated biocomposite films with a different raw material
ratio from [AMIMI]CI are illustrated in Fig. 4. After the dissolution of the lignocellulosic
material into [AMIM]CI, the sample was recovered by pouring the solution into an excess
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of a nonsolvent. The amorphous material was obtained when the regeneration was carried
out. Compared with the diffraction peaks of waste paper cellulose, the intensity of the
diffraction peaks of regenerated waste paper cellulose (Sample 1) at 33.24°, 21.28°,
15.36°, and 13.73° decreased. The reason is that there was no lignin in the waste paper to
obstruct the deconstruction of the ILs on the cellulose crystalline structure. According the
XRD curve of fir powder, only a broad, diffuse diffraction peak around 21.16° was
observed. By contrast, the regenerated lignocelluloses from the dissolved fir powder
(sample 6) had the crystal form of cellulose 11, according to the peaks at 14.84°, 20.16°,
and 33.24°. These changes demonstrated that cellulose macromolecules were
recrystallized as cellulose 11 after the dissolution of amorphous hemicelluloses and lignin
in an ILs solution followed by alkaline extraction. The intensity of the diffraction peaks
of regenerated biocomposites, sample 2 and sample 4, exhibited a decrease first and then
an increase with the increase of waste paper content in the mixture. As shown in Table 2,
the crystallinity indexes (Crl) of waste paper cellulose, wood powder, and regenerated
composite films were obtained via Eq. 2.
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Fig. 5. Mechanical properties of composite films

Mechanical Properties

The mechanical properties of the composite materials were strongly influenced by
the ratio of waste paper cellulose in the biomass composite films. Overall, the tensile
strength and the elongation at break of the composite films increased with the increase of
waste paper cellulose. As shown in Fig. 5, some important information about the internal
structure of the composite materials can be obtained from the stress-strain curves of all
the composite films. The composite films underwent the most noticeable changes,
showing a large decrease in tensile strength with the increase of wood powder in the
lignocelluloses biomass. This indicates the presence of the lignin and hemicelluloses of
wood powder had a negative effect on tensile strength and elongation at break of the
composite materials. The H-bonding interactions in the regenerated lignocelluloses from
the dissolved waste paper cellulose were stronger than those made from dissolved wood
powder. The dissolved wood powder, unbound lignin, and hemicelluloses from cellulose
resulted in extremely weak composite films. The tensile strength and the elongation at
break of the composite films were 90.0 MPa and 16.2%, respectively, when the content
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of the waste paper cellulose was 40%. This reflected that the introduction of the dissolved
waste paper cellulose increased the dissolution of the fir powder in [AMIM]CI and
improved the mechanical properties of the composite films.

CONCLUSIONS

1. Biomass composite films were prepared directly from solutions of raw biomass
dissolved in [AMIM]CI. During dissolution, the components of the lignocellulosic
materials remained intact, leading to a whole new range of possibilities to efficiently
utilize biomass resources. After dissolution—regeneration treatment, stronger
biomass composite films were obtained by using a biomass source with waste paper
cellulose and wood powder in the IL.

2. By using a hydrothermal process to treat raw materials, the hemicelluloses and the
lignin would be removed to increase the permeability of ILs into the wood powder.
The introduction of dissolved waste paper cellulose in ILs increased the dissolution
rate of wood powder in [AMIM]CI. When the dissolved waste paper cellulose
content in the mixed lignocellulosic materials was below 40%, the dissolution rate
of wood powder increased remarkably with increasing dissolved waste paper
cellulose.

3. During the dissolution and regeneration of the waste paper cellulose and wood
powder in the ILs, the chemical structure of lignocellulosic materials did not
obvious change. Under the influence of ILs, the crystallinity indexes of the
regenerated biomass composite films declined.

4. The dissolution of the lignocellulosic materials with a different blending ratio of
waste paper and wood powder in ILs was caused by the destruction of inter- and
intramolecular hydrogen bonds between lignocelluloses. With the increase of waste
paper cellulose, the tensile strength and the elongation at break of the composite
films increased overall.
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