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ABSTRACT: Bio-based wood materials are preferable for composites
because of their sustainability, but adequately dispersing wood fibers in
polymers can be difficult and costly. Our approach was to pretreat the wood
with a green solvent system, allowing the composite to be extruded in a
single step, simplifying the process, and reducing the overall cost. This study
investigates the fibrillation of untreated wood sawdust (W) and deep
eutectic solvent-treated wood sawdust (DESW) using a one-step twin-screw
extrusion (TSE) process. The results of the analysis of wood fractions and
optical microscopy confirmed that the one-step extrusion process resulted in
fibrillation of both treated and untreated wood material. The width of the
original wood particles was reduced by more than 99% after a one-step TSE
for both untreated and DES-treated wood. The size reduction of the DESW was slightly greater than that of the untreated wood, and
fibrillation was further confirmed by rheological analysis. The fibrillated wood was then compounded with polypropylene (PP) to
produce a wood fiber-polypropylene composite with 50 wt % wood content. The elastic modulus of both untreated and treated
extruded composites was higher than that of neat PP. The tensile strength and strain at break for the DESW-PP composite slightly
increased in comparison to the untreated W-PP composite. Furthermore, DES treatment of wood resulted in a darker color and
increased hydrophobicity of the material.
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■ INTRODUCTION

The interest in using bio-based materials such as wood and
cellulose in composite materials has increased due to the
renewability of natural sources and their availability in many
forms.1−4 Moreover, the extraordinary properties of bio-
composites, in addition to their low cost and sustainability,
are the main reasons for their further growth in transportation
and construction applications as well as consumer goods.5

Recently, cellulose fibers with a smaller diameter (e.g.,
micrometer or nanometer) and an increased length/diameter
ratio have been used as reinforcement in polymers to improve
their mechanical properties and other behaviors.6 Micro- and
nanofibrillated cellulose have shown promising properties,
resulting in lighter and stronger composites. However, the
challenge is to get these particles well dispersed and distributed
in the polymer during the compounding process.7−9

The pioneering work of cellulose fibrillation was presented
by Herrick et al. in 1983, where microfibrillated cellulose was
isolated from different types of lignocellulose pulps.10

Defibrillation of wood-based materials is usually achieved by
chemical treatment such as 2,2,6,6-tetramethyl-1-piperidiny-
loxy (TEMPO)-oxidation or mechanical disintegration using
ultrafine grinding and homogenization processes, or a
combination of these methods.11−17 These approaches

typically use very low fiber concentrations, usually 2 wt % or
less, and they require a high energy consumption.18,19

Therefore, recent interest has focused on finding possible
fibrillation processes that use higher fiber contents and
consume less energy than the current methods.9,20−22 Hietala
et al. used cellulose pulp and TEMPO-oxidized cellulose pulp
with the aim of fibrillating cellulose during the biocomposite
compounding process.9 The results showed that the use of
thermoplastic starch reduced the shear forces and that
fibrillation was not efficient. Later, Ho et al. also used an
extruder with the aim of fibrillating the cellulose fibers in the
extruder.21 They showed efficient fibrillation until sizes were
reduced to the nanoscale, but the process was repeated several
times and the extruder was also cooled to 0 °C, which led to
high energy consumption.
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Based on these previous results, the main disadvantages of
fibrillation of wood fibers using an extruder are: (i) fiber
breakage requires repeated processing steps and (ii) dis-
persion/distribution of the wood fibrils within a polymer
matrix is difficult due to the hydrophilic behavior of wood and
the hydrophobic nature of the matrix.
Some previous studies have focused on promoting fiber

breakage and improving dispersion using the twin-screw
extrusion (TSE) process.23−25 Le Ballif and Oksman report
that the cellulose fiber length is reduced by 52% during their
extrusion process, and a second extrusion step increases the
dispersion of the fibers.23 In another study, Hietala and
Oksman analyzed the effect of lubricants and different
moisture contents of cellulose on fiber breakage and
dispersion, and 4−6 wt % of lubricants improved the
performance of pelletized cellulose fibers as reinforcement in
polypropylene, resulting in a better dispersion with a higher
solid content.25

Similarly, Taheri et al. reported the defibrillation of cellulose
fibers using one-step twin-screw extrusion.26 Cellulose pulp
was compounded with hydroxyethyl cellulose (HEC) using
one-step TSE to defibrillate the cellulose and produce
biocomposites in the same process. However, the increase in
the HEC amount caused a lubricating effect and decreased the

efficiency of the fibrillation. Consequently, the higher amount
of cellulose fiber (lower HEC content) showed a greater
degree of fibrillation and fiber breakage due to the incremental
shear within extrusion.26 The results showed that further
consideration of the variables related to the extrusion process
and the combination of materials are necessary to improve the
fibrillation and compounding process. Therefore, the one-step
extrusion process, with a proper extrusion profile, is expected
to lead to fibrillation of the wood fibers with low fiber breakage
and energy consumption. Moreover, fibrillation can be
simultaneously performed with the extrusion of polymeric
pellets to produce composite materials.8

It is noteworthy that fibrillation of wood and cellulose fibers
by different methods such as ultrafine grinding, high-pressure
homogenization, or even multistep twin-screw extrusion
demands enormous energy. Therefore, reducing the number
of processing steps in each of the methods mentioned leads to
lower energy consumption. To this purpose, different pretreat-
ment methods can be used to facilitate fibrillation and to
decrease energy consumption during the fibrillation process.
For instance, enzyme pretreatment of cellulose fibers and
chemical pretreatment of wood particles have been shown to
enhance fibrillation.27,28 Chemical pretreatment can often be
performed in water or in solvents, mostly at a low solid content

Figure 1. Composite preparation. (a) Twin-screw extruder set-up, screw configuration with short conveying (SC), regular conveying (RC), double
flights kneading (2KE), triple flights kneading (3KE), and tooth-mixing (MIX) elements, temperature settings, and feeding and venting zones. (b)
Left to right, wood raw material and treated wood raw material before and after treatment, the fibrillated powder, and compounded composite
pellet. (c) Time−temperature−pressure protocol of the wood-polypropylene (PP) composite during hot-pressing. (d) Hot-pressed and laser cut
samples prepared for melt rheology; from left to right the samples represent neat PP, EX(W-PP), EX(EXW-PP), and EX(EXDESW-PP).
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(fiber wt %). Thus, the dry matter content of the pretreatment,
simplicity of the treatment, cost, and toxicity of materials are
the factors that need to be considered when chemical
pretreatment is conducted.
Recently, interesting studies in which green solvent systems,

termed as deep eutectic solvents (DESs), used as pretreatment
to reduce the interfibrillar bonding within lignocellulosic
materials have been reported.29−32 DESs typically consist of
a mixture of two components (hydrogen bond acceptor and
hydrogen bond donor), which form a eutectic solution with a
considerably lower melting temperature than that of the
original individual constituents. DESs possess many appealing
characteristics such as low toxicity, renewability, and
biodegradability as well as low costs.33

In this work, the first goal was to examine if fibrillation of
wood sawdust (W) with a high solid content (40 wt %) is
possible using the twin-screw extrusion process. Furthermore,
if a green and low-cost deep eutectic solvent can be used as a
pretreatment to enhance the fibrillation since it is known that
this treatment softens/degrades the lignin polymer in wood.
The secondary goal was to use this fibrillated wood as
reinforcement in biocomposites. We also compared these
biocomposites with composites where wood sawdust and
nontreated wood were used in the same concentration. The
obtained composites were hot-pressed to observe how the
fibrillation as well as the compounding processes affected the
fiber and composite properties. As a repeated number of
extrusions will cause fiber breakage and decrease the
mechanical properties, the aim was to achieve the fibrillation
and composites using the least possible number of extrusion
steps.

■ MATERIALS AND METHODS
Materials. Dry wood sawdust (W), which is generally used in

animal beds (Pölkky Oy, Kuusamo, Finland), was used as the raw
material for fibrillation in this work. The chemical composition of the
raw material was measured using the TAPPI-T 222 standard. The
sawdust contained 58.5 wt % cellulose, 28.1 wt % lignin, 12.5 wt %
hemicellulose, and 0.9 wt % inorganics. Potassium carbonate
(Honeywell, Seelze, Germany) and glycerol (VWR chemicals, Leuven,
Belgium) were used in the preparation of a deep eutectic solvent
(DES) for the pretreatment of wood sawdust. High-performance
polypropylene (Braskem Europe GmbH, Frankfurt, Germany) with a
melt flow index of 25 g/10 min at 230 °C was used as the polymer
matrix for the composites. Deionized water was used to wash the
wood after DES treatment.
Deep Eutectic Solvent Treatment. A mixture of potassium

carbonate (as a hydrogen bond acceptor) and glycerol (as a hydrogen
bond donor) was used for the pretreatment of wood sawdust. The
treatment was performed with a DES molar ratio of 1:5 (acceptor/
donor) and a wood consistency of 3% at 100 °C for 18 h. The
pretreated wood material was washed and vacuum-filtered to remove

the remaining chemicals from treated wood sawdust following a
procedure described in an earlier work by Suopajar̈vi et al.34

Extrusion Process and Sample Preparation. The fibrillation of
W and treated deep eutectic solvent-treated wood sawdust (DESW)
was performed in a one-step TSE process. The solid content of the W
and DESW was controlled at approximately 40 wt % before the
extrusion process and increased to approximately 95 wt % ((EXW)
and EXDESW) after the fibrillation step because some water is
evaporated during the process. The fibrillation step was performed
using a co-rotating twin-screw extruder ZSK-18 MEGALab (Coperion
W&P, Stuttgart, Germany) with a screw speed of 200 rpm. The
fibrillation temperature was set to 90 °C for seven processing zones
and increased to 110 °C at the end zone. The fibrillation step was
performed without the die tool, to reduce the pressure at the end of
the process and to avoid blocking the die by dry formed powder. Two
atmospheric vents and one vacuum vent were used to remove the
moisture and steam (see Figure 1a).

The fibrillated wood was reprocessed with PP, and the proportion
of wood/fibrillated wood and the polymer was 50/50 for all
composites (Table 1). The compounding of the primary wood-PP
composite EX(W-PP) was performed in one-step TSE and the other
composites were prepared in two steps: the fibrillation step of wood
followed by compounding of the wood fibrils with PP composites.
The compounding step of wood and PP was performed using the
same extruder and the same screw speed. The compounding
temperature was set to 160 °C for all seven processing zones and
increased to 180 °C at the die. A circular die with a diameter of 5 mm
was used for the compounding step. The residence time of materials
in the extruder for fibrillation and compounding steps was
approximately 85−95 s. The temperature profile for fibrillation and
compounding steps, screw elements such as short conveying (SC),
regular conveying (RC), double flights kneading (2KE), triple flights
kneading (3KE), and tooth mixing (MIX) elements are shown in
Figure 1a. The specific energy consumption (SEC) of the extrusion
process was calculated by eq 1 for several samples as follows35

t
N P

N M Q
SEC

KW h .
. .

max

max d

i
k
jjj

y
{
zzz =

(1)

where N is the screw speed (200 rpm), Nmax is the maximum speed of
the extruder (1200 rpm), Pmax is the maximum motor power (10
KW), Md is the torque% (30−45%), and Q is the material dry matter
feeding rate (0.47−1.1 kg/h).

After the compounding of wood fibrils and PP, the pellets with a
moisture content less than 2 wt % (Figure 1b) were compression
molded between aluminum plates covered with Teflon films using a
laboratory press (LabEcon 300, Fontijne Press, Vlaardingen, the
Netherlands). The pellets were uniformly distributed on a Teflon-
covered cylindrical frame with a diameter of 10 cm and then the
pressure was applied. Compression molding was accomplished using a
heating−cooling protocol under a pressure of 1.25 MPa at 195 °C for
2 min, followed by an increase in the pressure to 2.25 MPa at 195 °C
for 5 min, and then 2.25 MPa at 100 °C for another 5 min, continuing
on with 1.25 MPa at 50 °C for 2 min, and ultimately 1.25 MPa at 25
°C for 1 min (Figure 1c). The compression-molded plates were cut
into test specimens using a laser (Epilog Laser Fusion, Colorado) with
a resolution of 300 dpi and a vector speed of 8%. The prepared

Table 1. Sample Coding of Material Compositions and Preparation Methods

TSE (fibrillation) TSE (compounding)

sample name PP (wt %) W (wt %) EXW (wt %) EXDESW (wt %) step energy (kW h/ton) step energy (kW h/ton)

PP 100 0 0 0 0 N/A 0 N/A
W 0 100 0 0 0 N/A 0 N/A
EXW 0 0 100 0 1 1058 0 N/A
EXDESW 0 0 0 100 1 802 0 N/A
EX(W-PP) 50 50 0 0 0 N/A 1 767
EX(EXW-PP) 50 0 50 0 1 N/A 1 643
EX(EXDESW-PP) 50 0 0 50 1 N/A 1 571
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specimens (cut with a laser machine) with a diameter of 10 mm, a
length of 80 mm and a width of 5 mm, and a diameter of 25 mm were
used for the contact angle test and tensile and melt rheology
measurements (Figure 1d), respectively. The prepared specimens (for
tensile test) were stored for 3 days under testing conditions at a
relative humidity (RH) of 50% at 23 °C.

■ CHARACTERIZATION

Fractionation. The size reduction of the extruded
materials (EXW and EXDESW) was studied using a tube
flow fractionator device (Valmet Automation Oy, Kajaani,
Finland) equipped with IMG image analyzer software. The
fractionator apparatus was equipped with a high-speed CCD
camera, and the fiber images (around 2000 images) were
captured during a very small timescale (milliseconds) to
investigate the size reduction.36 The extracted fibers were
diluted in water to 0.3 wt % prior to each tube flow
fractionation test, and the data were recorded in five different
fractions (attached as the Supporting Video), starting from
large fibers (first fraction) and ending with the smallest fibers
(fifth fraction).
Optical Microscopy. Optical microscopy (OM) (Leica

MZ FL III, Leica Camera AG, Wetzlar, Germany) was used to
study the structure of W, EXW, and EXDESW before and after
the one-step TSE process (fibrillation). The samples were
diluted in water to 0.1 wt % prior to the study.
Field Emission Scanning Electron Microscopy (FE-

SEM). Field emission scanning electron microscopy (FE-SEM)
(ZEISS ULTRA plus FE-SEM, Carl Zeiss AG, Oberkochen,
Germany) was used to study the microstructure of EXW and
EXDESW to understand the effect of the treatment method on
fibrillation. The collected fourth fraction and a mixture of five
fractions after the fractional test were studied using FE-SEM to
compare the morphological change for the processed wood
material after extrusion (EXW and EXDESW). The collected
materials were diluted in water to 0.01 wt % and vacuum-
filtered through a Nuclepore Track-Etch membrane with a
pore size of 0.2 μm (Whatman, U.K.), then immediately frozen
in liquid nitrogen and freeze-dried for 24 h. The samples were
mounted on sample holders and platinum-coated before FE-
SEM to avoid charging. An acceleration voltage of 5 kV was
used. FE-SEM was also used to study the extent of the wood
fiber dispersion from the cross sections of wood-PP composites
(pellets before the hot-pressing). FE-SEM images were also
provided from the cross sections of the fractured specimen
after the tensile test to understand the fiber-polymer interfaces.
Fourier Transform Infrared Spectroscopy (FTIR).

Fourier transform infrared spectroscopy (FTIR) was used to
determine the chemical composition of the treated and
untreated samples after one-step TSE (fibrillation). The
FTIR of dried EXW and EXDESW powder (Figure 1b) was
measured using an FTIR-Bruker (Optik GmbH, Ettlingen,
Germany) at 4000−400 cm−1 wavenumbers with a resolution
of 4 cm−1, averaged over 40 scans.

Rheometry. Rheological measurements of aqueous dis-
persions (2 wt %) of untreated and DES-treated wood sawdust
after TSE (EXW, EXDESW) were performed using a TA
Instrument Discovery HR-1 Hybrid Rheometer (New Castle,
DE). The flow behavior of the samples under strain-controlled
mode was measured at 25 °C using bob and cup accessories
and with diameters of 27.97 and 30.35 mm, respectively. The
rheological data was reproduced using three different gaps (1.5,
2.0. and 2.5 mm), and the gap of 1.5 mm was chosen as the
reference gap since no wall-slip effect was observed.
Rheological data were provided at shear rates of 0.1−1000
s−1 (within 20 min) and water evaporation was also controlled
using a standard hood cover for all experiments. The rotational
measurements were performed under a controlled ascending
and descending shear rate (10 min for ramping up and 10 min
for ramping down) to show the suspension stability at shear
rate intervals.
Melt rheology of the wood-PP composites was measured

using the same rheometer equipped with a plate and plate
accessories (25 mm diameter) at 190 °C in both a steady-state
shear rate (1−1000 s−1) and dynamic mode. The rheometer
was operated at a constant frequency of 1 Hz for the strain
sweep test and a constant strain of 2% for the oscillatory sweep
test. The compression molded composite samples (Figure 1d)
were sheared for 5 min to ensure temperature compatibility
between the samples and rheometer plates. The gap between
the rheometer plates was set at 1 mm and the initial force of
the rheometer was between 0.1 and 1.0 N.

Contact Angle. The static wettability of the prepared
wood-PP composites was observed using a Drop Shape
Analyzer DSA100 instrument (Krüss GmbH, Hamburg,
Germany) equipped with a high-speed frame camera (360
fps). A water droplet with a volume of 4 μL was loaded on the
surface of the different composites, and the static contact angle
was measured (three times per sample) within 60 s.

Mechanical Testing. The tensile properties of the wood-
PP composite materials were measured using a universal
testing machine (Zwick, Ulm, Germany) equipped with a 1 kN
load cell, and all tests were performed following the DIN EN
ISO 527-1 standard. The compression-molded composite
specimens with a 5 mm width, a 1.15−1.43 mm thickness, and
an 80 mm length were mechanically tested. The thickness of
each specimen was determined by averaging the thicknesses of
three random locations on the specimen, using a micrometer
Rhopoint instrument (Bexhill-on-Sea, U.K.). The specimens
were stored in 50% RH at 23 °C in the measurement
environment. The gauge length was set to 30 mm, the strain
rate was 3 mm/min, and the samples were preloaded to 1 N.
The results are presented as an average of six measurements.
To calculate the elastic modulus, the tensile properties were
measured using a universal testing machine with a 5 kN load
cell, Shimadzu AG-X (Kyoto, Japan) with a video extens-
ometer for monitoring the strain, following the ASTM D-638
standard. The sample size was approximately 30 mm long, 5

Table 2. Fiber Width and Mass Proportion of Fractions from the Tube Flow Fractionation Test and Image Processing for
EXW and EXDESW Samplesa

fraction 1 fraction 2 fraction 3 fraction 4 fraction 5

sample name fiber widthb (%) fiber widthb (%) fiber widthb (%) fiber widthb (%) fiber widthb (%)

EXW 20.4 (0.9) 8.5 16.7 (1.9) 20.7 12.6 (1.1) 43.9 7.4 (0.2) 22.3 2.6 (0.3) 4.6
EXDESW 20.5 (0.5) 9.3 15.4 (1.3) 18.4 11.2 (0.9) 43.6 6.9 (0.5) 23.4 2.9 (0.2) 5.3

aThe values in parentheses are standard deviations. bThe average fiber width (μm) was calculated by image processing.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c07750
ACS Sustainable Chem. Eng. 2021, 9, 883−893

886

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c07750/suppl_file/sc0c07750_si_001.mov
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c07750?ref=pdf


mm wide, 1 mm thick, and a gauge length of 20 mm was used
with a strain rate of 2 mm/min. Five measurements were made
per material.

■ RESULTS AND DISCUSSION
Fiber Morphology. The morphology of the extruded

wood (EXW) and extruded DES-treated wood (EXDESW)
was studied using a fractional test, OM, and FE-SEM. The
numerical data for the different fractions from the flow
fractionator and image processing are listed in Table 2. The
micrographs of the five different fractions for EXW and
EXDESW showing the effect of extrusion on fiber fibrillation
are shown in Figure 2 and a Supporting Information Video.
The micrographs clearly indicate that the fibrillation step
resulted in fiber size reduction and the samples contained a
notable amount of small fiber fragments (fractions 3−5).

The optimal extrusion profile and defibrillation can be
derived from fractions with a low proportion of large fiber
constituents. The first two fractions had a relatively low
percentage of the material compared to the larger percentage
in the last three fractions. The total amount of the material in
the third and fourth fractions for EXW and EXDESW was
approximately 65%. Based on the fractional data, the
fibrillation step resulted in a significant reduction in the fiber
size and increased the proportion of the thin fibers.
The larger content of the material in the fourth and fifth

fractions compared to the untreated sample confirmed that the
DES treatment promoted fibrillation and efficiently decreased
the particle size. The average particle lengths of EXW and
EXDESW were also recorded from the fractionator and were
around 489 (±14) and 541 (±18) μm, respectively.

Figure 2. Micrographs of the tube flow fractionation test of EXW (left images) and EXDESW (right images) in the 0.3 wt % water dispersion with
five different fiber width fractions. Each row is related to one specific fraction. (Video is available in the Supporting Information).
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The corresponding average aspect ratio (l/d) was 45 for the
untreated wood and 56 for the DES-treated wood. This result
indicates that the DES treatment resulted in less fiber breakage
compared to the untreated reference. The last two fractions
(fractions 4 and 5) represent the finest diameter fibers of the
samples, and they were further analyzed by optical microscopy
and FE-SEM. Optical microscopy was used to investigate the
size alteration of wood particles during the extrusion step. As
shown in Figure 3, OM confirmed a clear particle size
reduction from a millimeter scale (W) to a micrometer scale
(EXW and EXDESW). These observations in size alteration
(both width and length) of W agree with previous results
obtained with the extruder process.21,22 The size reduction of
the EXW and EXDESW was also in agreement with fractional
data, as presented in Table 2.
The FE-SEM images of EXW and EXDESW are presented

in Figure 4, and they support the findings shown in the optical
micrographs and fractionation data. In addition, FE-SEM
images show some large particles attributed to nonfibrillated
wood litter. Overall, both EXW and EXDESW contained
elongated fibrils and larger fibril aggregates.
FE-SEM of EXDESW (Figure 4d,e) shows a greater degree

of fibrillation with a lower number of large particles compared
to the untreated sample. Unlike EXW, the small round
particles were absent for EXDESW (Figure 4f), which is likely
related to a lower degree of fiber breakage. Based on the FE-
SEM observations, the fiber widths of untreated and DES-
treated W were in the range of 35−45 μm (with some large
particles) and 40−50 μm (with fewer large particles),
respectively. However, the fiber length of the DES-treated
sample was greater than that of the untreated W, which agrees
with the aspect ratio of the fibers from the fractional test. Thus,
the changes in the particle morphology of the extruded
samples confirmed that the deep eutectic solvent treatment
promoted wood fibrillation and caused less fiber breakage.

However, the DES treatment also resulted in a color change,
where the material had a brown color after the treatment
(Figure 1b).

Chemical Composition. FTIR spectra of EXW and
EXDESW were examined to explain the possible chemical
changes caused by the DES treatment (Figure 5). The strong

and broad band at 3410 cm−1 was related to the −OH
stretching of hydroxyl groups and was observed in both
samples. The peak at 2910 cm−1 for both samples was related
to the C−H stretching of alkyl groups. The main change after
the DES treatment was related to the CO vibrations of the
carbonyl group at 1735 cm−1. The carbonyl group often exists
in the lignin structure and the absence of this band is evidence

Figure 3. Optical microscopy of the wood sawdust before and after TSE. (a) Original wood sawdust particle (W), (b) extruded wood sawdust
(EXW), and (c) extruded and DES-treated wood sawdust (EXDESW).

Figure 4. FE-SEM images of DES-treated and untreated wood sawdust processed by one-step TSE. (a) EXW, (b) EXW mixed with all fractions
after fractional testing, (c) EXW sampled from the fourth fraction (Table 2), (d) EXDESW, (e) EXDESW mixed with all fractions after fractional
testing, and (f) EXDESW sampled from the fourth fraction (Table 2).

Figure 5. FTIR spectra of untreated (EXW) and DES-treated wood
sawdust (EXDESW).
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of rupturing of the lignin side chains.37 In addition, a reduction
in the H−OH peak intensity at 1650 cm−1 was observed. This
peak is likely related to changes in the hemicellulose structure
in the samples.38 Moreover, the reduction of the peak intensity
at 1515 cm−1 was related to the CC vibrations of aromatic
groups and confirmed the rupture of lignin. Therefore, the
brownish color of the DES-treated sample might be associated
with the degradation of lignin and hemicellulose within the
DES treatment. The yellowish color of DES-treated rice straw
has also been reported.39

Rheological Properties. Rheological properties of the sam-
ples were studied in two parts: (i) suspension rheol-
ogy to understand the fibrillation of the wood sawdust after
the DES treatment and extrusion, and (ii) melt rheology of the
composites.
The EXW (2 wt %) and EXDESW (2 wt %) were first

dispersed in deionized water to address the suspension
rheology. As shown in Figure 6a, the stability of the
suspensions was monitored for 1 month, wherein the DES-
treated and extruded suspension (EXDESW) showed better
stability and less sedimentation than the untreated (EXW)
suspension. The rheology of the dispersions for both
suspensions showed the fibrillation fingerprint (depicted with
arrows in Figure 6b) at intermediate shear rates from 1 to 10
s−1. Moreover, the viscosity and fibrillation plateau of the DES-
treated suspension was 25 times higher than that of the
untreated suspension, confirming a more efficient fibrillation
(networks) of EXDESW. This result is also supported by the
results of the fractional test, OM, and FE-SEM. The two-phase
hysteresis of the ramp-up/ramp-down data at low shear rates
reveals the stability of the dispersed samples.40 The EXDESW

showed less hysteresis at a low shear rate than EXW, which is
also supported by the visual observations (Figure 6a).
The melt rheology of neat PP and wood-PP composites was

measured as a function of the frequency at a constant 1%
strain. The frequency sweep data of neat PP was lower at all
frequencies. As the loss modulus (G″) of neat PP was higher
than the storage modulus (G′), the liquidlike behavior of neat
PP was confirmed within the whole frequency range and the
wood-PP composites all had a higher loss and storage modulus
than neat PP (Figure 6c). However, the EX(W-PP) composite
exhibited a liquidlike behavior at low and intermediate
frequency regions, with an inflection at a frequency of 50
(rad/s). The untreated sample EX(EXW-PP), which was
extruded in two steps (fibrillation and compounding), showed
the highest frequency sweep trend and the G′−G″ inflection
occurred at an intermediate frequency of 20 (rad/s). In
contrast, the frequency sweep trend of the DES-treated and
two-step extruded sample EX(EXDESW-PP) showed a G′−G″
inflection at a lower frequency of 5 (rad/s).
The inflection represents a higher degree of formation of

fiber networks present at low frequencies. According to fiber
ruptures for the EX(EXW-PP) sample, it can be expected that
the G′−G″ inflection will shift at higher frequencies. Therefore,
the higher G′ and G″ moduli of the EX(EXW-PP) sample
compared to those of EX(EXDESW-PP) might be due to very
small particles or fiber breakage, as observed in the fractional
tests, OM, and FE-SEM.
In general, the complex viscosity |η*(ω)| from dynamic test-

ing (oscillatory) can be compared with the shear viscosity η (γ̇)
from steady-state testing (rotational) at low shear rates and low
frequencies, which is the so-called Cox−Merz principle.41 The
plotted data of neat PP and the various composites at |η*(ω)|

Figure 6. Suspension stability and rheology of extruded wood sawdust, and melt rheology of the wood composite. (a) Stability of EXW and
EXDESW suspensions (2%) as a function of time, (b) ascending/descending steady-state shear rate versus viscosity of EXW (2 wt %) and
EXDESW (2 wt %) at 25 °C, (c) frequency sweep test of molten samples (Figure 1d) in a constant strain of 1% at 190 °C, and (d) comparison of
steady-state rheology (open symbols) and dynamic rheology (solid symbols) of PP and composites due to the Cox−Merz rule at 190 °C.
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= η (γ̇) indicate an overlapping of data for neat PP, as shown in
Figure 6d. However, this rule is not applicable at high fiber
contents.42 Therefore, a combination of dynamic and steady-
state data demonstrates that the different composites with a
high fiber content (50%) do not follow the Cox−Merz
principle for complex viscosity, in agreement with other
work,43 but provides a better overlap at very low shear rates or
frequencies of 0.1 (s−1) or 0.1 (rad/s), respectively. The main
reasons for the steady-state and dynamic data deviations might
be related to the presence of intra- and intermolecular

hydrogen bonds or the negative charges of the wood particles
in the PP matrix.

Contact Angle. The contact angles of neat PP and the
composites were also studied, as shown in Figure 7a. The neat
PP represents the highest contact angle of 105 ± 1° measured
from both sides of the sample. The contact angle of the directly
compounded sawdust polypropylene composite EX(W-PP)
dropped to 79 ± 2°, which is related to the hydrophilicity of
the wood material. However, interestingly, the contact angles
of the composites with the fibrillated wood materials
EX(EXW-PP) and EX(EXDESW-PP) increased to 99 ± 3°

Figure 7. (a) Contact angle of PP and the prepared wood-PP composites and FE-SEM images of fractured cross sections of the wood-PP
composites after the extrusion process (before compression molding) showing the dispersion and distribution of the wood in the PP matrix: (b)
EX(W-PP), (c) EX(EXW-PP), and (d) EX(EXDESW-PP).

Figure 8. Properties of prepared wood-PP composites. (a) Typical stress−strain curves of the materials and FE-SEM images of fractured tensile
specimen cross sections of different composites (b) EX(W-PP), (c) EX(EXW-PP), and (d) EX(EXDESW-PP).
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and 102 ± 1°, respectively. The increase in the contact angle of
the DES-treated wood composite, close to that of the neat PP,
confirmed that the DES treatment affects the wood fibrils
surface energy, and this is a very interesting result as this will
likely increase the composite moisture stability. Moreover, this
result was likely the reason for the better dispersion and
distribution of fibrillated wood within the polymer matrix. The
overview of composites’ microstructures after extrusion is
shown in Figure 7. In Figure 7b, the composite where the
wood sawdust is directly extruded with PP (EX(W-PP)) shows
large wood particles comprising wood cells in the PP matrix,
while the composites in Figure 7c,d, with the fibrillation step
EX(EXW-PP) and EX(EXDESW-PP), show that the wood
sawdust is separated to individual fibers and even to smaller
fractions, which are well distributed and dispersed in the PP.
Mechanical Properties. The composites’ mechanical

properties and FE-SEM images of the fractured specimen
after mechanical testing are shown in Figure 8. Typical stress−
strain curves of the prepared wood composites are shown in
Figure 8a. Comparing the different composite materials, the
composite with DES-treated wood sawdust (EX(EXDESW-
PP)) shows the highest maximum strength and elongation, and
these properties are lower for nontreated composites (EX(W-
PP)) and for (EX(EXW-PP)). The reason for the better
strength and elongation can be because of the fibrillation and
on a more homogeneous dispersion and distribution of the
wood fibers/fibrils within the PP matrix, which is confirmed in
the micrographs (presented in Figure 7d). The FE-SEM cross-
sectional images of the fractured surfaces after mechanical
testing (Figure 8) confirm fibrillation of wood, especially the
fibrillation of the DES-treated wood materials, the cell wall is
separated to thin wood fibrils (Figure 8d). However, these
high-resolution images also confirm poor interactions between
the wood fiber surfaces and PP as the fiber surfaces are clean,
and these are also clearly visible in all images and a gap
between the larger wood particles or smaller wood fibrils and
the PP polymer are seen in all micrographs.
In Figure 9, the composites’ mechanical properties Young’s

modulus, maximum strength, and elongation at break are
compared. It is seen that the maximum strength and elongation
at break of the composites are not at the level of the neat PP,
and the lower strength especially indicates poor adhesion
between the PP and W (as discussed previously and shown in
the Figure 8). Furthermore, the Young’s modulus was slightly
higher for all composites compared with the PP matrix, and the
highest for composites without the fibrillation. Elastic modulus
values were 1.45 GPa for EX(W-PP), 1.42 GPa for
EX(EXDESW-PP), 0.95 GPa for EX(EXW-PP), and 0.78
GPa for neat PP, respectively. These results indicate that

improved fibrillation did not result in the highest stiffness
values as one would expect, the DES pretreatment has not only
softened the wood to allow better fibrillation, but also reduced
its stiffness. These results are in agreement with the melt
rheology data shown in Figure 6c.
In summary, the mechanical tests confirmed that all

composites had a higher elastic modulus compared to the
matrix polymer (PP). Due to the increased surface energy for
fibers and better dispersive mixing, the DES treatment
improved the tensile strength and strain at break in the
composites compared to the nontreated ones. However, the
tensile strength of the composite containing DES-treated W
was lower than that of neat PP, which might be related to the
TSE compounding step and the poor adhesion of fibers and
neat PP. However, we believe this could be improved by using
a coupling agent, such as maleic anhydride grafted PP
(MAPP).25

■ CONCLUSIONS

In this study, fibrillation of high consistency wet wood sawdust
and environmentally friendly and low-cost DES treatment
using the twin-screw extrusion process was investigated.
Furthermore, wood-PP (50/50) composites of fibrillated
wood sawdust with and without treatment were prepared
and studied.
According to the morphological and rheological results, the

wood sawdust was fibrillated using only a one-step TSE, and
the DES treatment improved the degree of fibrillation and
resulted in less fiber breakage. Moreover, the DES treatment of
the wood sawdust resulted in a dark brown color and more
reduced affinity to moisture and turned the composites to a
similar level of hydrophobicity as the PP matrix. Based on
fractional test data, the width of more than 70 wt % of the
treated wood material was reduced from 5 mm to 8 μm with
an aspect ratio of more than 50.
The rheological properties of the DES-treated and untreated

wood sawdust showed a clearly fibrillated structure. The melt
rheology data indicated that the neat PP follows the Cox−
Merz rule, but for all composites, overlapping of the data
occurred at very low shear rates and frequencies. The elastic
modulus of all composites was improved in comparison with
neat PP, which might be related to the proper compounding
and distributive mixing of the fibers and the PP matrix. The
tensile strength and strain at break of the DES-treated
composite did not improve as expected due to softening of
the wood particles using the DES treatment, which diminished
the properties in comparison to neat PP, even with improved
fibrillation.

Figure 9. Comparison of the mechanical properties of neat PP and wood-PP composites. (a) Elastic modulus, (b) tensile strength, and (c) strain at
break.
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The pretreatment of wood with a green solvent system
together with only one extrusion step is a new approach for the
fibrillation process that could enable the use of wood raw
materials with high consistency and low energy consumption
and allow the composite to be extruded in a single step,
simplifying the process and reducing the overall cost.
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