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Effect of Unbleached and Bleached Softwood Cellulose
Pulp Fibers on Poly(lactic acid) Properties
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Global regulations are guiding society towards more sustainable material
solutions. This increasing awareness of the need for environmentally
friendly alternatives has led to a greater emphasis on biocomposites,
which combine natural fibers with bio-based polymers. This study
investigates how bleached softwood pulp fibers (BSWPF) and unbleached
softwood pulp fibers (UBSWPF) affect the characteristics of poly(lactic
acid) (PLA)-based biocomposites. UBSWPF is a more cost-effective
option because it is manufactured with less processing steps than
BSWPF. However, it is largely unexplored as a reinforcement in
biopolymers. Through investigating the mechanical, thermal, and
morphological aspects of the biocomposites, this study showed that
UBSWP increased the modulus and impact strength of the PLA
biocomposites better than BSWPF. The impact strength, modulus, and
tensile strength of PLA-BSWPF and PLA-UBSWPF improved as the fiber
content increased. However, a decrease in tensile strength was seen at
higher percentages of UBSWPF in PLA. Despite the decrease in tensile
strength at higher UBSWPF concentrations, both types of fibers improved
the mechanical properties of the biocomposites, demonstrating a potential
sustainable reinforcing material for PLA biocomposites.
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INTRODUCTION

There has been a focused effort in replacing polymers with bio-based and
biodegradable materials. Poly(lactic acid) (PLA) has emerged as a promising contender to
replace fossil-based polymers in various applications (Naser et al. 2021; Freeland et al.
2022; Swetha et al. 2023). As an eco-friendly polymer, the production and use of PLA
contributes to significant energy savings and a decrease in greenhouse gas emissions (Balla
et al. 2021). When compared to various traditional plastics derived from petroleum, PLA
manufacture consumes 25 to 55% less fossil fuel energy. Furthermore, utilizing renewable
energy sources, like wind power, during various production stages can lead to an
approximately 90% reduction in fossil energy consumption (Rajeshkumar et al. 2021).

However, PLA’s susceptibility to brittleness hinders its widespread adoption (Yu
et al. 2023). To address this limitation, substantial research has been conducted to improve
the mechanical properties of PLA through the incorporation of natural fibers as
reinforcement (Aliotta et al. 2019; Oksman et al. 2003). Studies have demonstrated that
the mechanical properties of PLA are enhanced through the incorporation of natural fibers
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as reinforcement (llyas et al. 2021; Tumer and Erbil 2021).

Among natural fibers, plant and wood-based fibers have been thoroughly
investigated as reinforcement for biocomposites. Although plant-based fibers have shown
promising results (Joseph et al. 1999; Baghaei et al. 2013; Orue et al. 2018; Yusoff et al.
2023), their practical applicability is limited due to various issues, such as low cost-
effectiveness and competition with food crops (Madsen and Gamstedt 2013). Here, the
competition with food crops refers to using the same land, water, and nutrients for growing
both food and non-food crops. Notably Canada, Finland, Russia, Sweden, and the United
States of America are some of the countries where wood-based fibers offer an economically
feasible solution because of their widespread availability. There are two main types of
wood fibers: softwood and hardwood fibers. There has been some research with hardwood
fibers as a reinforcing material in biocomposites (Marc Delgado-Aguilar et al. 2018;
Peltola et al. 2019). Although BSWPF and UBSWPF are important raw materials for paper
production, their use in biocomposites reflects the evolving market dynamics and
technological advancements. With the digitalization trend and the declining use of
traditional paper products (Hassan et al. 2021), innovative applications for pulp fibers are
increasingly important. Several companies, such as UPM, are exploring these new
opportunities to create sustainable materials that can meet modern demands.

Softwood fibers have seen more interest in research (Garcia et al. 2016; Granda et
al. 2016; Delgado-Aguilar et al. 2017; Tarrés et al. 2019; She and Xu 2023) because of
their higher availability, which makes them cost-effective. Bleached softwood pulp fibers
have shown promising results in improving the mechanical properties of polypropylene
(Kalia et al. 2011) and PLA (Immonen et al. 2019) biocomposites.

Bleaching of wood fibers is done to remove residual lignin and hemicellulose from
the structure of the wood fiber (Bernal-Lugo et al. 2019; Benali et al. 2024). When
producing bleached kraft pulp, the Kappa number is typically reduced to a lower level
before the bleaching process begins. A lower Kappa number means lower lignin content.
Bleaching also reduces the content of hemicelluloses such as xylan and glucomannan,
which may affect surface hydrophilicity and surface charges (Esteves et al. 2022). The
noticeable variation in colour, with UBSWPF appearing darker brown, is mostly due to
their higher lignin content. In contrast, bleached fibers have little to no lignin content,
resulting in a lighter hue (Oliaei et al. 2020). BSWPF and UBSWPF suitability for
applications is determined by criteria such as colour needs and strength attributes. When
white colour is desired, particularly for applications with aesthetic considerations, bleached
fibers are typically used. In contrast, UBSWPF is used in applications requiring more
robustness, such as brown packaging materials. Furthermore, UBSWPF has a lower carbon
footprint than BSWPF due to the energy-intensive bleaching process that uses chemicals
and generates waste (Jour et al. 2015; Kuparinen 2019; Karjalainen 2023). A carbon
footprint is a measurement of greenhouse gas emissions, among several factors energy use
and waste generation influenced the carbon footprint of a product or process.

This work related to the use of UBSWPF as reinforcement in PLA gives a new
approach compared to existing research. This study aims to address this gap and delve into
the comparative study of the influence of bleached and unbleached softwood pulp fibers
on the properties of PLA biocomposites. Through investigating their impact on mechanical,
thermal, and morphological aspects, the authors seek to contribute to the development of
sustainable and effective strategies for reinforcing biopolymers. The research aligns with
the broader objective of advancing the field of biocomposites, with a focus on harnessing
the untapped potential of UBSWPF.
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EXPERIMENTAL

Materials

PLA Ingeo 3251D from NatureWorks LLC (Blair, NE, USA) with a melt
temperature of 169.8 °C was used as a polymer matrix. Kraft pulp fibers were provided by
Metsa Fiber; the never dried bleached softwood pulp fibers (BSWPF) in dry material
content 30% were from Rauma pulp mill, Finland. The used BSWPF is obtained using the
Elemental Chlorine-Free (ECF) bleaching method, which uses chlorine dioxide to
minimize harmful chlorinated compounds (Yin et al. 2022). Metsa Fiber’s Kemi pulp mill
(Finland) also provided never dried unbleached softwood pulp fiber (UBSWPF) in dry
material content 30%. UBSWPF is obtained through the kraft pulping process, which
converts wood chips into pulp using an alkaline cooking liquor (Mboowa 2024). According
to the manufacturer, the BSWPF contains no lignin, 15% hemicellulose, and 85% cellulose,
and UBSWPF contains 7% lignin, 16% hemicellulose, and 77% cellulose. Before
compounding, the fibers were pelletized using a special cone-shaped pelletized modified
from KAHL-pelletizer. The pelletizer is explained in more detail in a patent (Sivonen and
Valta 2010) and it has been made at VTT. The purpose of pelletizing fibers is to densify
the cellulose fibers. The as-received fibers are fluffy, which makes it difficult to feed them
during compounding.

Biocomposite Processing

The UBSWPF and BSWPF pellets and the PLA were first dried in a vacuum oven
for 50 °C overnight (about 14 h). The fiber pellets were dried because they contained nearly
70% moisture. A large moisture content in fiber could affect the processability of the
biocomposites and it has the potential to induce hydrolytic degradation in PLA.

Each recipe presented in Table 1 was compounded using a co-rotation twin-screw
extruder (Berstorff ZE 25x33D; Berstorff GmbH, Hannover, Germany) with eight
temperature zones. The materials were fed using a gravimetric feeder and the temperature
profile was kept between 165 and 190 °C. The screw speed was around 150 to 175
revolutions per minute (rpm).

Table 1. Compositions and Parameters of Compounding of PLA-BSWPF and
PLA-UBSWPF Biocomposites

Flow Screw Zone
Sample Rate Speed Temperatures
Composition Name (kg/h) (rpm) (°C)
PLA 90 wt% + UBSWPF 10 wt% PLA 2.8
10UB
PLA 80 wt% + UBSWPF 20 wt% PLA 3.0
20UB
PLA 75 wt% + UBSWPF 25 wt% PLA 3.0
25UB
150-175 165-175-185-
0, 0,
PLA 90 wt% + BSWPF 10 wt% PLA 10B 2.8 190-190-190-
PLA 80 wt% + BSWPF 20 wt% PLA 20B 2.8 190-185
PLA 75 wt% + BSWPF 25 wt% PLA 25B 2.2

The PLA-BSWPF and PLA-UBSWPF biocomposites were then put into a vacuum
oven again at 50 °C overnight (about 14 h). The dried biocomposites were then injection
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molded using Battenfeld injection molding machine (SmartPower 25 — 400 t, Wittmann
Battenfeld GmbH, Kottingbrunn, Austria) with temperature profile 195-190-190-190 °C at
its four temperature zones. The mold temperature was 35 °C.

The flow rate for PLA-BSWPF was a bit smaller than PLA-UBSWPF due to
slightly plasticizing effect of lignin in the PLA-UBSWPF, which is in line with the review
article by Fazeli et al. (2024).

Characterization
Melt flow index

The melt flow index (MFI) of the biocomposites was determined in accordance
with 1ISO 1133-1 (2011) at 190 °C and 2.16 kg using RAY-RAN Melt Flow Indexer, Model
3A (Industrial Physics, Theme, UK). The MFI is a measurement of the mass of molten
material that flows through the capillary tube of a standard die in a 10-min time.

Microtomography

The cross-sectional structure of the samples to visualize the fiber distribution and
orientation was studied using a microtomography scanner (ULCT) DeskTom 130, RX
Solutions, Chavanod, France). A 40 kV acceleration voltage and 4 W electron beam power
were used. For each sample 1440 projection images were collected over 360° with a voxel
size of 8.0 um. The exposure time was 1 s and one projection image was averaged from
each angular step, resulting in a total imaging time of 24 min for each sample. The sample
was placed in the equipment without extra preparation. The entire middle part of the
injection-molded dog bone was used, making imaging easy and efficient.

Scanning electron microscopy

The morphology of the injection molded biocomposite samples was examined
using a scanning electron microscope (SEM). The analysis focused on the cross-section of
samples fractured after dipping them in liquid nitrogen. A JEOL JSM T100 SEM (JEOL
Ltd., Tokyo, Japan) was used for this purpose. A thin gold layer with a thickness of 5 nm
was placed to the sample surface to prevent surface charging.

Charpy impact strength

Testing for Charpy impact strength was done in accordance with 1ISO-179. Before
testing, the samples were conditioned for five days at 23 °C and a relative humidity of 50%.
Using a Charpy Ceast Resil 5.5 Impact Strength Machine (CEAST S.p.a., Torino, Italy),
impact strengths were assessed for 10 parallel unnotched specimens in a three-point bend
configuration.

Tensile strength and modulus

The injection molded samples were subjected to a five-day conditioning period at
23 °C and 50% relative humidity prior to testing. Tensile testing was performed using an
Instron 4505 Universal Tensile Tester (Instron, Norwood, MA, USA). The crosshead rate
was set to 5 mm/min, and a 10 kN load cell was used. The strain was measured using an
Instron 2665 Series High Resolution Digital Automated Extensometer in compliance with
ISO 527 (2012) standard. Each biocomposite was tested with six parallel samples, and the
tensile strength and Young’s modulus averages and standard deviations were calculated.
According to 1ISO 527 (2012), the recommended dimensions for tensile samples are 4 + 0.2
mm in thickness, 10 +0.2 mm in width and 170 mm in length. These dimensional
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tolerances enable consistency and accuracy in mechanical property measurement
throughout testing.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was used to analyse the neat PLA and
biocomposite samples using a NETZSCH DSC 204F1 Phoenix 240-12-0287-L equipment
(NETZSCH GmbH, Selb, Germany). During the analysis, the samples with < 6 mg
weights were exposed to a specified thermal profile. A ramp rate of 10 °C/min was used,
starting from 0 °C and to 200 °C. The samples were cooled at a rate of 10 °C/min to 0 °C.
Degree of crystallization was calculated using Eg. 1,

Degree of Crystallization (%) = (AHm - AHc) / AHs * 100 Q)

where AHc is the cold crystallization enthalpy, AHm is the melting enthalpy, and AHs is the
melting enthalpy of neat PLA (93.6 J/g) (Mohapatra et al. 2014).

RESULTS AND DISCUSSION

Figure 1 represents the injection molded samples of PLA-UBSWPF, PLA, and
PLA-BSWPF. The dark brown colour observed in the PLA-UBSWPF can be attributed in
part to the presence of lignin within the unbleached softwood pulp fibers. However, it is
important to recognize that during processing, the lignin undergoes thermal degradation
and chemical reactions, leading to the formation of darker compounds. The PLA is
transparent and PLA-BSWPF samples have light brown colour.

PLA 25UB |PLA 20UB

Fig. 1. Visual outlook of injection molded samples

Melt Flow Index

Figure 2 shows that PLA-BSWPF experienced considerable decreases in MFI with
increasing fiber content. The MFI of values of PLA 10B decreased 82.7%, PLA 20B by
96.9%, and PLA 25B decreased up to 98.5% compared to neat PLA. PLA-UBSWPF
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exhibited a similar but slightly less pronounced trend. PLA 10UB decreased 81.2%, PLA
20UB 94.9%, and PLA 25UB MFI decreased up to 96.8% compared to neat PLA.
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Fig. 2. The melt flow index (MFI) of neat PLA, PLA-BSWPF, and PLA-UBSWPF biocomposites

PLA-UBSWPF has slightly higher MFI than PLA-BSWPF. This is due to the
plasticization effect of lignin (Park et al. 2018; Dominguez-Robles et al. 2020). The
addition of BSWPF and UBSWPF in PLA increases viscosity by creating hinderance in
material flow in molten state. Furthermore, the strong decrease in MFI especially in higher
fiber content biocomposite, is because of strong fiber-fiber interactions.

Moreover, visible fiber breakage during processing likely contributed to higher
viscosity (lower MFI), causing increased shear on the fibers. The MFI results indicate
that the processability of PLA suffers from the addition of fibers.

Microtomography (UCT)

The purpose of using microtomography in this study was to visualize and analyse
the internal structure of the injection molded samples, particularly the distribution and
orientation of pulp fibers within the PLA matrix.

The pCT results for PLA-BSWPF and PLA-UBSWPF are presented in Fig. 3.
Higher fiber content PLA-BSWPF and PLA-UBSWPF resulted in more agglomeration and
void formation, as indicated with arrows in Fig. 3. In PLA 20B and PLA 20UB, more fiber
agglomeration was observed, while in PLA 25B and PLA 25UB both fiber agglomeration
and void formation was observed.

Void formation visible in Fig. 3 in PLA-BSWPF and PLA-UBSWPF in higher fiber
concentrations may have resulted from moisture absorbed by fibers from the environment.
Despite the drying step in prior processing, some moisture can remain in the fibers because
it is deeply embedded in the cellulose, making it hard to remove with standard drying
methods (Chen et al. 2022; Zou et al. 2023). While injection molding and extrusion help
reduce moisture absorption, the moisture already inside the fibers can persist.

Asad et al. (2024). “PLA with softwood pulp fibers,” BioResources 19(3), 5338-5351. 5343



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Fig. 3. The X-ray tomography images of PLA 10B (a), PLA 10UB(b), PLA 20B (c), PLA 20UB (d),
PLA 25B (e), and PLA 25UB (f); Arrows indicate the fiber agglomerates and voids.

Furthermore, the results in Fig. 2 show that the MFI of higher fiber content PLA
biocomposite drastically decreased due to increased melt viscosity. The increased melt
viscosity potentially caused void formation and agglomerates due to the reduced mobility
within the viscous melt, resulting in poor fiber-fiber interaction.

SEM

Figure 4 shows SEM images of fracture surfaces of PLA 25B and PLA 25UB
biocomposites. Small magnification images Fig. 4a and 4c reveal a porous surface, which
is common in polymer composites.

Figure 4(d) demonstrates that the PLA 25UB had relatively better polymer-fiber
adhesion, while Fig. 4(b) displays opening-up of bleached fibers, i.e., fibrillation. This
structural difference can be attributed to the absence of lignin in the bleached fiber (Peltola
et al. 2019). Increased fibrillation in PLA-BSWPF resulted in higher surface area of the
fibers in contact with polymer matrix, which should improve polymer-fiber adhesion. In
contrast, PLA-UBSWPF biocomposites showed less fibrillation because lignin provides
the binding mechanism for fibers. Although PLA-UBSWPF does not show much
fibrillation or fiber breakage, however, visually PLA-UBSWPF showed better polymer-
fiber interfaces compared to PLA-BSWPF.
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Fig. 4. The SEM images of PLA 25B (a-b) and PLA 25UB (c-d) fracture surfaces

Charpy Impact Strength

Figure 5 illustrates the impact strength of PLA biocomposites with increasing
BSWPF and UBSWPF content. PLA-BSWPF showed consistent strength improvement as
fiber content increased. PLA 10B experienced a marginal increase of about 3.0%, while

PLA 20B and PLA 25B impact strength improved 8.9%% and 9.5%, respectively,
compared to neat PLA.
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Fig. 5. The Charpy impact strength (unnotched samples) of neat PLA and PLA-BSWPF and PLA-
UBSWPF biocomposites

For PLA-UBSWPF biocomposites, a similar trend was apparent; PLA 20UB and
PLA 25UB impact strength increased 16.6% and 23.1%, respectively. The relatively better
impact strength of PLA-UBSWPF biocomposites can be attributed to better toughness of
unbleached fibers containing lignin (Neagu et al. 2006). Furthermore, in Fig. 4 the SEM
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images show better polymer-fiber interface in PLA-UBSWPF, which aligns with improved
impact strength.

Differential Scanning Calorimetry

Table 2 shows the DSC results for PLA-BSWPF and PLA-UBSWPF
biocomposites. Both fiber types improved the degree of crystallinity of PLA biocomposites
and showed an increasing trend with increased fiber content. The fibers provided
nucleation sites, promoting PLA molecules to align and form a more structured crystalline
arrangement (Shazleen et al. 2021). The higher crystallinity in PLA-UBSWPF correlates
with improved impact results of PLA-UBSWPF in Fig. 5. In general, the addition of
BSWPF and UBSWPF to PLA increased the Tg because the fibers restrict the movement
of the polymer chains. The Tc decreased because the fibers provided nucleation sites for
crystallization to start at lower temperatures.

Table 2. The DSC Results of Neat PLA and PLA-BSWPF and PLA-UBSWPF
Biocomposites

AHc AHm Degree of

Sample Tg(°C) | T (°C) J/9) Tm (°C) (J/9) Crystallization (%)

PLA 60.4 100.3 23.41 169.8 37.1 14.63
PLA 10B 62.1 100.5 24.37 168.9 39.3 15.95
PLA 20B 63.1 98.6 15.86 168.5 34.62 20.04
PLA 25B 62.2 96.3 16.20 168.6 39.22 24.59
PLA 10UB 62.6 100.3 23.40 169.3 42.74 15.95
PLA 20UB 63.5 98.4 18.45 168 44.81 28.16
PLA 25UB 63.1 96.6 26.82 167.9 57.40 32.67

Young’s Modulus
Figure 6 represents the Young’s modulus of PLA, PLA-BSWPF, and PLA-
UBSWPF biocomposites.

7000

6000

. 5000
©
o
= 4000
E =
= 3000
©
(@]
= 2000
12
2 1000
>
o
> o —
@ @ @ Q@ Q@ Q@
A
Q ] Q & & &

Fig. 6. The Young’s modulus of neat PLA and PLA-BSWPF and PLA-UBSWPF biocomposites
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The graph shows that both BSWPF and UBSWPF, when added to the PLA matrix,
exhibited linear increasing trend in modulus values. For PLA 10B, the modulus increased
moderately. However, PLA 20B and PLA 25B showed a noticeable increase in modulus
with the highest 40.6% increase in PLA 25B. These results are aligned with the previous
research where flexural and modulus strength of PLA-BSWPF was studied with the idea
to replace glass fiber reinforced polypropylene with a biocomposite (Delgado et al. 2017,
Tarrés et al. 2019). PLA UBSWPF showed better values of modulus than PLA BSWPF.
PLA 25UB modulus increased 68.5% compared to neat PLA. There has been research that
shows that lignin improves the modulus of PLA (Esakkimuthu et al. 2024; Makri et al.
2022), although it should be noted that in these studies lignin is added as reinforcement
rather than being incorporated as part of the cellulose fiber. However, the lignin content of
the unbleached fibers could contribute to the improved modulus of PLA 25UB.
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Fig. 7. The tensile strength of neat PLA and PLA-BSWPF and PLA-UBSWPF biocomposites

Tensile Strength

Figure 7 represents the tensile strength of PLA, PLA-BSWPF, and PLA-UBSWPF
biocomposites that showed a different trend compared to impact and modulus results. PLA
10B and PLA 10UB tensile strengths showed a slight decrease compared to neat PLA.
Instead, PLA 20B and PLA 25B tensile strength increased 7.8% and 11.5% compared to
neat PLA. In general PLA-BSWPF showed better tensile results compared to PLA-
UBSWPF. SEM results in Fig. 4 showed that PLA-BSWPF had greater fibrillation
compared to PLA-UBSWPF, which provides a larger surface area for polymer-fiber
contact and potentially allows mechanical interlocking leading to improved tensile
strength.

PLA 10UB showed almost similar tensile strength compared to neat PLA. PLA
20UB tensile strength increased 6.4% while PLA 25UB tensile strength drastically
decreased 14.2%. This sudden decrease in tensile strength of PLA 25UB can be attributed
to agglomeration and void formation visible in the pCT images in Fig. 3f. The higher
standard deviation in PLA 25UB indicates sample variability attributed to the presence of
more voids and agglomerations within the biocomposite, which in turn elucidates the
reduced tensile strength.

Asad et al. (2024). “PLA with softwood pulp fibers,” BioResources 19(3), 5338-5351. 5347



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

CONCLUSIONS

1. The composite of poly(lactic acid) and bleached softwood pulp fibers (PLA-
BSWPF) exhibited higher fibrillation compared to PLA-UBSWPF.

2. The composite with unbleached kraft fibers (PLA-UBSWPF) showed higher
degree of crystallization compared to PLA-BSWPF.

3. PLA-UBSWPF exhibited higher modulus and impact strength compared to PLA-
BSWPF, while PLA-BSWPF showed higher tensile strength.

4. Higher fiber content PLA biocomposites showed void formation and agglomeration
of fibers.

ACKNOWLEDGMENTS

This work was supported by Business Finland (grant number 2494/31/2021). Sini-
Tuuli Rauta is acknowledged for making substantial contributions to our study by
conducting mechanical testing. Kirsi Hirvonen from Mets& Fibre is acknowledged for
providing additional information regarding fiber materials.

REFERENCES CITED

Aliotta, L., Gigante, V., Coltelli, M. B., Cinelli, P., and Lazzeri, A. (2019). “Evaluation
of mechanical and interfacial properties of bio-composites based on poly(lactic acid)
with natural cellulose fibers,” International Journal of Molecular Sciences 20(4),
article 960. DOI: 10.3390/ijms20040960

Baghaei, B., Skrifvars, M., and Berglin, L. (2013). “Manufacture and characterisation of
thermoplastic composites made from PLA/hemp co-wrapped hybrid yarn prepregs,”
Composites Part A: Applied Science and Manufacturing 50, 93-101. DOI:
10.1016/j.compositesa.2013.03.012

Balla, E., Daniilidis, V., Karlioti, G., Kalamas, T., Stefanidou, M., Bikiaris, N. D.,
Vlachopoulos, A., Koumentakou, I., and Bikiaris, D. N. (2021). “Poly(lactic acid): A
versatile biobased polymer for the future with multifunctional properties-from
monomer synthesis, polymerization techniques and molecular weight increase to PLA
applications,” Polymers 13(11), article 1822. DOI: 10.3390/polym13111822

Benali, M., Oulmekki, A., and Toyir, T. (2024). "The impact of the alkali-bleaching
treatment on the isolation of natural cellulosic fibers from Juncus effesus L plant,”
Fibers and Polymers 25(2), 525-533. DOI: 10.1007/s12221-023-00441-z

Bernal-Lugo, 1., Jacinto-Hernandez, C., Gimeno, M., Montiel, C.C., Rivero-Cruz, F., and
Velasco, O. (2019). "Highly efficient single-step pretreatment to remove lignin and
hemicellulose from softwood," BioResources 14(2), 3567-3577. DOI:
10.15376/biores.14.2.3567-3577

Chen, P., Wohlert, J., Berglund, L., and Furdé., I. (2022). "Water as an intrinsic structural
element in cellulose fibril aggregates,” The Journal of Physical Chemistry Letters 13
(24), 5424-5430. DOI: 10.1021/acs.jpclett.2c00781

Delgado-Aguilar, M., Julian, F., Tarrés, Q., Méndez, J. A., Mutjé, P., and Espinach, F.
X. (2017). "Bio composite from bleached pine fibers reinforced polylactic acid as a

Asad et al. (2024). “PLA with softwood pulp fibers,” BioResources 19(3), 5338-5351. 5348



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

replacement of glass fiber reinforced polypropylene, macro and micro-mechanics of
the Young’s modulus," Composites Part B: Engineering 125, 203-210. DOI:
10.1016/j.compositesh.2017.05.058

Delgado-Aguilar, M., Reixach, R., Tarrés, Q., Espinach, F. X., Mutjé, P., and Méndez, J.
A. (2018). "Bleached kraft eucalyptus fibers as reinforcement of poly(lactic acid) for
the development of high-performance biocomposites,” Polymers 10(7), article 699.
DOI: 10.3390/polym10070699

Dominguez-Robles, J., Larrafeta, E., Fong, M. L., Martin, N. K., Irwin, N. J., Mutjé, P.,
Tarrés, Q., and Delgado-Aguilar, M. (2020). "Lignin/poly(butylene succinate)
composites with antioxidant and antibacterial properties for potential biomedical
applications,” International Journal of Biological Macromolecules 145, 92-99. DOI:
10.1016/j.ijbiomac.2019.12.146

Esakkimuthu, E. S., Ponnuchamy, V., Sipponen, M. H., and DeVallance, D. (2024).
“Elucidating intermolecular forces to improve compatibility of kraft lignin in
poly(lactic acid),” Frontiers in Chemistry 12 (February), article 1347147. DOI:
10.3389/fchem.2024.1347147

Esteves, C. V. G., Sevastyanova, O., Ostlund, S., and Brinnvall, E. (2022). “The Impact
of bleaching on the yield of softwood kraft pulps obtained by high alkali
impregnation: bleaching and high alkali impregnation impact,” Nordic Pulp & Paper
Research Journal 37(4), 593-608. DOI: 10.1515/npprj-2022-0035

Fazeli, M., Mukherjee, S., Baniasadi, H., Abidnejad, R., Mujtaba, M., Lipponen, J.,
Seppala, J., and J. Rojas, O. (2024). "Lignin beyond the status quo: Recent and
emerging composite applications,” Green Chemistry 26(2), 593-630. DOI:
10.1039/D3GC03154C

Freeland, B., McCarthy, E., Balakrishnan, R., Fahy, S., Boland, A., Rochfort, K. D.,
Dabros, M., Marti, R., Kelleher, S. M., and Gaughran, J. (2022). “A review of
polylactic acid as a replacement material for single-use laboratory components,”
Materials (Basel, Switzerland) 15(9), article 2989. DOI: 10.3390/ma15092989

Granda, L. A., Espinach, F. X., Tarrés, Q., Méndez, J. A., Delgado-Aguilar, M., and
Mutjé, P. (2016). "Towards a good interphase between bleached kraft softwood fibers
and poly(lactic) acid,"” Composites Part B: Engineering 99, 514-520. DOI:
10.1016/j.compositesh.2016.05.008

Hassan, 1., Abubakar, U. I., Nasidi, Q. Y., Azmi, M. N. L., and Shehu, A. (2021).
"Challenges and opportunities for newspapers in the age of digital communication,"
International Journal of Academic Research in Business and Social Sciences 11(6),
1473-1486. DOI: 10.6007/1JARBSS/v11-i6/10058

llyas, R. A., Sapuan, S. M., Harussani, M. M., Hakimi, M. Y. A. Y., Hazig, M. Z. M.,
Atikah, M. S. N., Asyraf, M. R. M., Ishak, M. R., Razman, M. R., Nurazzi, N. M., et
al. (2021). "Polylactic acid (PLA) biocomposite: Processing, additive manufacturing
and advanced applications,” Polymers 13(8), article 1326. DOI:
10.3390/polym13081326

ISO 527-2 (2012). “Plastics — Determination of tensile properties — Part 2: Test
conditions for moulding and extrusion plastics,” International Organization for
Standardization, Geneva, Switzerland

ISO 1133-1 (2011). “Plastics — Determination of the melt mass-flow rate (MFR) and
melt volume flow rate (MVR) of thermoplastics — Part 1: Standard method,”
International Organization for Standardization, Geneva, Switzerland

Asad et al. (2024). “PLA with softwood pulp fibers,” BioResources 19(3), 5338-5351. 5349



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Joseph, P. V., Joseph, K., and Thomas, S. (1999). “Effect of processing variables on the
mechanical properties of sisal-fiber-reinforced polypropylene composites,”
Composites Science and Technology 59(11), 1625-1640. DOI: 10.1016/S0266-
3538(99)00024-X

Jour, P., Halldén, K., and Wackerberg, E. (2015). “Life cycle assessment of ECF
bleaching sequences with focus on carbon footprint,” TAPPI Journal 14(1), 17-24.
DOI: 10.32964/TJ14.1.17

Karjalainen, T. (2015). "Six projects that reduce forest sector carbon footprint,”
(https://forest.fi/article/six-projects-that-reduce-forest-sector-carbon-
footprint/#09d56352), Accessed 12 Jan 2023

Kuparinen, K. (2019). Transforming the Chemical Pulp Industry —From an Emitter to a
Source of Negative CO: Emissions, Ph.D. Dissertation, Lappeenranta-Lahti
University of Technology, Lappeenranta, Finland.

Madsen, B., and Gamstedt, E. K. (2013). “Wood versus plant fibers: Similarities and
differences in composite applications,” Advances in Materials Science and
Engineering 2013, article 1D 564346. DOI: 10.1155/2013/564346

Makri, S. P., Xanthopoulou, E., A. Klonos, P., Grigoropoulos, A., Kyritsis, A.,
Tsachouridis, K., Anastasiou, A., Deligkiozi, 1., Nikolaidis, N., N. Bikiaris, D.
(2022). “Effect of micro- and nano-lignin on the thermal, mechanical, and antioxidant
properties of biobased PLA-lignin composite films,” Polymers 14(23), article 5274.
DOI: 10.3390/polym14235274

Mboowa, D. (2024). "A review of the traditional pulping methods and the recent
improvements in the pulping processes,” Biomass Conversion and Biorefinery 14(1),
1-12. DOI: 10.1007/s13399-020-01243-6

Mohapatra, A. K., Mohanty, S., and Nayak, S. K. (2014). "Effect of PEG on PLA/PEG
blend and its nanocomposites: A study of thermo-mechanical and morphological
characterization," Polymer Composites 35(2), 283-293. DOI: 10.1002/pc.22660

Naser, A. Z., Deiab, I., and Darras, B. M. (2021). “Poly(lactic acid) (PLA) and
polyhydroxyalkanoates (PHAS), green alternatives to petroleum-based plastics: A
review,” RSC Advances 11(28), 17151-17196. DOI: 10.1039/D1RA02390J

Neagu, R. C., Gamstedt, E. K., and Berthold, F. (2006). “Stiffness contribution of various
wood fibers to composite materials,” Journal of Composite Materials 40(8), 663-699.
DOI: 10.1177/0021998305055276

Oksman, K., Skrifvars, M., and Selin, J. F. (2003). “Natural fibres as reinforcement in
polylactic acid (PLA) composites,” Composites Science and Technology 63(9), 1317-
1324. DOI: 10.1016/S0266-3538(03)00103-9

Oliaei, E., Lindén, P. A., Wu, Q., Berthold, F., Berglund, L., and Lindstréom, T. (2020).
“Microfibrillated lignocellulose (MFLC) and nanopaper films from unbleached kraft
softwood pulp,” Cellulose 27(4), 2325-2341. DOI: 10.1007/s10570-019-02934-8

Orue, A., Eceiza, A., and Arbelaiz, A. (2018). “The effect of sisal fiber surface
treatments, plasticizer addition and annealing process on the crystallization and the
thermo-mechanical properties of poly(lactic acid) composites,” Industrial Crops and
Products 118, 321-333. DOI: 10.1016/j.indcrop.2018.03.068

Park, C.-W., Youe, W.-J., Namgung, H.-W., Han, S.-Y., Seo, P.-N., Chae, H.-M., and
Lee, S.-H. (2018). “Effect of lignocellulose nanofibril and polymeric methylene
diphenyl diisocyanate addition on plasticized lignin/polycaprolactone composites,”
BioResources 13(3), 6802-6817. DOI: 10.15376/biores.13.3.6802-6817

Asad et al. (2024). “PLA with softwood pulp fibers,” BioResources 19(3), 5338-5351. 5350



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Peltola, H., Immonen, K., Johansson, L., Virkajarvi, J., and Sandquist, D. (2019).
“Influence of pulp bleaching and compatibilizer selection on performance of pulp
fiber reinforced PLA biocomposites,” Journal of Applied Polymer Science 136(37),
article 47955. DOI: 10.1002/app.47955

Rajeshkumar, G., Arvindh Seshadri, S., Devnani, G. L., Sanjay, M. R., Siengchin, S.,
Prakash Maran, J., Al-Dhabi, N. A., Karuppiah, P., Mariadhas, V. A., Sivarajasekar,
N., et al. (2021). “Environment friendly, renewable and sustainable poly lactic acid
(PLA) based natural fiber reinforced composites — A comprehensive review,” Journal
of Cleaner Production 310, article ID 127483. DOI:
10.1016/J.JCLEPRO.2021.127483

She, Y., and Xu, X. (2023). "Thermal and mechanical properties of bleached pulp-filled
poly(lactic acid) composites fabricated with an internal mixing process,"
BioResources 18(2), 3008-3018. DOI: 10.15376/biores.18.2.3008-3018

Sivonen, E., and Valta, K. (2010). "Disc press," Patent No. FI127057.

Shazleen, S. S., Arisyah, T., Yasim-Anuar, T., Ibrahim, N. A., Hassan, M. A., and
Ariffin, H. (2021). “Functionality of cellulose nanofiber as bio-based nucleating agent
and nano-reinforcement material to enhance crystallization and mechanical properties
of polylactic acid nanocomposite,” Polymers 13(3), article 389. DOI:
10.3390/polym13030389

Swetha, T. A, Bora, A., Mohanrasu, K., Balaji, P., Raja, R., Ponnuchamy, K.,
Muthusamy, G., and Arun, A. (2023). “A comprehensive review on polylactic acid
(PLA) — Synthesis, processing and application in food packaging,” Int. J. Biolog.
Macromol. 234, article ID 123715. DOI: 10.1016/j.ijbiomac.2023.123715

Tarres, Q., Oliver-Ortega, H., Espinach, F. X., Mutjé, P., Delgado-Aguilar, M., and
Méndez, J. A. (2019). “Determination of mean intrinsic flexural strength and
coupling factor of natural fiber reinforcement in polylactic acid biocomposites,”
Polymers 11(11), article ID 1736. DOI: 10.3390/polym11111736

Tumer, E. H., and Erbil, H. Y. (2021). "Extrusion-based 3D printing applications of PLA
composites: A review," Coatings 11(4), article 390. DOI: 10.3390/coatings11040390

Yin, Y., Chen, S., Ma, S., Zhao, J. R. H., J. Kerekes, R., McDonald, J. D., and Man, Y.
(2022). "Optimizing bleaching operating conditions based on mathematical
programming to reduce AOX emissions,” ACS Omega 7(6), 5421-5428. DOI:
10.1021/acsomega.1c06691

Yu, J., Xu, S., Liu, B., Wang, H., Qiao, F., Ren, X., and Wei, Q. (2023). “PLA bioplastic
production: From monomer to the polymer,” European Polymer Journal 193, article
ID 112076. DOI: 10.1016/j.eurpolym;.2023.112076

Yusoff, R. B., Takagi, H., and Nakagaito, A. N. (2023). “A comparative study of
polylactic acid (PLA)-Based unidirectional green hybrid composites reinforced with
natural fibers such as kenaf, bamboo and coir,” Hybrid Advances 3, article ID
100073. DOI: 10.1016/j.hybadv.2023.100073

Zou, Y, Maillet, B., Brochard, L., and Coussot, P. (2023). “Fast transport diffusion of
bound water in cellulose fiber network," Cellulose 30(12), 7463-7478.
DOI:10.1007/s10570-023-05369-4

Acrticle submitted: January 22, 2024; Peer review completed: April 23, 2024; Revised
version received and accepted: June 7, 2024; Published: June 20, 2024.
DOI: 10.15376/biores.19.3.5338-5351

Asad et al. (2024). “PLA with softwood pulp fibers,” BioResources 19(3), 5338-5351. 5351



