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INTRODUCTION

The production of plastics worldwide has wit-
nessed a substantial increase over the past decade. 
In 2021, the global production of plastics was es-
timated to have exceeded 390 million metric tons 
[1] while in 2019 was 359 million metric tons
of plastic, which shows the increasing trend of
plastic production [2]. It is utilized in various in-
dustries such as packaging, construction, textiles,
consumer products, and others [3, 4].

The continuous rise in plastic production 
leads to an alarming accumulation of waste in 
the environment. By 2050, global plastic waste 
production is estimated tourpass 12,000 million 
tonnes, reflecting the growing dependence on 
plastics [5, 6]. Over 40% of the produced plastic 
is utilized for single-use packaging, which sig-
nificantly exacerbates the waste issue [7]. The ac-
cumulation of plastic waste poses a severe threat 

to the environment, causing the pollution of eco-
systems [8]. The inadequate waste management 
practices and low recovery rates aggravate the 
pollution problem, especially in the oceans [9]. 
The COVID-19 pandemic has further intensified 
the plastic waste crisis by increasing the volume 
of waste [10]. Despite efforts to tackle the prob-
lem, the production and leakage of plastic into 
the environment are projected to persist and in-
crease [11]. Currently, between 22% and 43% of 
the world’s plastic waste ends up in landfills, with 
adverse environmental consequences [12]. As the 
largest producer and consumer of plastics, China 
significantly contributes to the problem [13].

The continuous production of plastics and 
waste generation emphasize the need to develop a 
sustainable strategy for managing this raw mate-
rial. The exploration of materials with a lower en-
vironmental impact, the integration of renewable 
energy sources in the production process, and 
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research into biorefineries that can facilitate the 
production of plastics from various raw materials 
should be considered [14].

Bioplastics and biocomposites are increasing-
ly being seen as a viable alternative to traditional 
petroleum-based plastics due to their numerous 
advantages. Bioplastics, frequently derived from 
renewable resources, are more biodegradable and 
compostable than traditional plastics [15]. They 
are a key component of the circular economy con-
tributing to more sustainable life cycles for these 
materials [16].

Bioplastics possess mechanical characteris-
tics similar to those of conventional plastics, but 
they are derived from bio-based sources, mak-
ing them biodegradable [15]. Their most signifi-
cant advantage lies in their potential to decrease 
the mounting amount of plastic waste. By being 
biodegradable, bioplastics can degrade into en-
vironmentally friendly products through the ac-
tion of specific microorganisms. This prevents 
the buildup of waste in the natural and industrial 
environments and promotes sustainability [17]. 
Bioplastics offer a more environmentally friendly 
alternative to non-biodegradable plastic waste by 
reducing it [18]. The production and use of bio-
plastics resulted in a lower carbon footprint and 
decreased reliance on fossil fuels, which supports 
climate change mitigation efforts [19]. Bioplastics 
versatility allows them to be used in a wide range 
of products, such as packaging materials, kitchen 
utensils, and automotive components [20].

Bioplastics offer several advantages, includ-
ing their production from renewable resources 
such as starch or polylactic acid, which enhances 
their sustainability [21]. The development of bio-
plastics from organic waste and biomass presents 
an opportunity for a more sustainable future for 
the plastics industry. The utilization of raw ma-
terials like algae, cellulose, or food waste in bio-
conversion processes can lessen environmental 
impact and promote efficient resource manage-
ment [22]. For instance, the production of bio-
polymer films and biodegradable packaging ma-
terials using seaweed polysaccharides showcases 
the potential of bioplastics as an environmentally 
friendly alternative to conventional plastics [23]. 
Polylactic acid (PLA) and polyhydroxybutyrate-
co-hydroxyvalerate (PHBV) are biodegradable 
polymers with various advantages in diverse ap-
plications. PLA, which is derived from resources 
such as corn starch or sugar cane, exhibits bio-
compatibility, biodegradability, and mechanical 

properties comparable to traditional plastics [24]. 
PHBV, a type of polyhydroxyalkanoate (PHA) 
produced by bacteria, possesses good biodegrad-
ability and biocompatibility, making it suitable 
for biomedical applications [25].

The advantages of PLA include its renewable 
origin, biodegradability, and versatility, which 
make it suitable for use in packaging, biomedi-
cal implants, and tissue engineering scaffolds. 
PLA-based biocomposites exhibit improved me-
chanical properties, which increases their use in 
various industries due to their ecological nature. 
PLA is also often mixed with PHBV to enhance 
mechanical strength and biodegradability [26].

PHBV, as a biodegradable polyester, offers 
benefits such as minimizing the risk of inflam-
matory reactions in tissues, as its biodegrada-
tion products are components of human blood 
[25]. PHBV is used in tissue engineering, wound 
dressings, and ligament repair scaffolds, confirm-
ing its biocompatibility and potential in regenera-
tive medicine [27, 28] PHBV blends with other 
polymers, such as PLA, have been developed to 
adapt the properties of materials to specific appli-
cations, for example, in bone tissue engineering 
and cartilage regeneration [29, 30].

The utilization of polylactic acid and poly-
hydroxybutyrate-co-hydroxyvalerate in biocom-
posites leads to materials with enhanced prop-
erties, which can be utilized for a broad range 
of applications. These blends exhibit improve-
ments in mechanical properties, including tensile 
strength and modulus of Young [31], enhanced 
thermal stability, and tailored thermal properties 
and morphology, which are relevant for specific 
applications [32]. Additionally, these blends ex-
hibit good biodegradability and partial miscibil-
ity, which affects their rheology, morphology, and 
barrier properties. The addition of PHBV to PLA 
also enhances processing properties by reducing 
brittleness and increasing melting strength [33]. 
As a result, blends of PLA and PHBV are ver-
satile materials that can be utilized in industries 
such as packaging, biomedical engineering, and 
materials science.

This research aims to explore the effects of 
incorporating microcrystalline cellulose into 
polylactic acidand poly(hydroxybutyrate-val-
erate) blends. The objective is to enhance the 
mechanical and rheological properties of these 
biopolymer composites, which are garnering at-
tention for their potential applications in sustain-
able materials and biodegradable plastics. By 
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investigating the interplay between cellulose con-
tent and composite behavior, the study seeks to 
identify optimal formulations that improve stiff-
ness, flexibility, and resistance to aging while 
maintaining processability. Understanding these 
interactions is crucial for developing materials 
that meet performance standards and contribute 
to environmental sustainability. Previous research 
has acknowledged the benefits of cellulose as a 
reinforcement agent. For instance, Valle et al. in-
vestigated biodegradable biocomposites utilizing 
a PLA/PHB mixture as a matrix and two types of 
microcrystalline cellulose (MCC and sMCC) at 
3, 5, and 7 wt.% as a filler. The study evaluated 
the influence of the type and content of cellulose 
on the thermal, morphological, and molecular 
dynamics properties of the materials. The find-
ings indicated that the addition of cellulose did 
not significantly affect the temperatures of ther-
mal transformations (Tm, Tc, Tcc). However, at 
7 wt% filler, a decrease in the crystallinity and 
thermal stability of the matrix (PLA/PHB) was 
observed, which was attributed to the formation 
of filler aggregates. These results suggest a sig-
nificant effect of the addition of microcellulose on 
the aging resistance of the composites [34]. 

The article is characterized by a novel ap-
proach to research on biocomposites incorporat-
ing MCC and their potential application in sus-
tainable materials. The study comprehensively 
evaluates the impact of varying MCC concentra-
tions on the mechanical, rheological, and aging 
properties of these composites. Previous research, 
such as that conducted by Valle and colleagues 
[34], was primarily limited to thermal and mor-
phological analysis. This new approach provides 
a more comprehensive assessment of changes in 
material properties. The paper is among the first to 
elucidate the simultaneous mechanical reinforce-
ment and stabilization of materials in terms of 
resistance to environmental degradation. This is 
crucial in the context of developing more durable 
and reliable biodegradable materials. The study 
makes a significant contribution to the advance-
ment of biocomposites, offering a comprehensive 

approach to optimizing their mechanical proper-
ties, processing, and durability, a critical step to-
wards more sustainable materials of the future.

MATERIALS AND METHODS

Materials

The selected matrix material was a PLA/
PHBV polyester blend comprised of 90% PLA 
and 10% PHBV, supplied by ColorFabb (Belf-
eld, The Netherlands). Nanografi Nano Technol-
ogy (Jena, Germany) provided the reinforcement 
material, MCC (AceCel 102, SIGACHI®, In-
dia), which served as the reinforcement material. 
Polymer composites containing 5, 10, and 15% 
by weight of MCC were produced. The content 
of the additive was selected based on literature 
data. Polymer matrices’ most widely used rein-
forcement contents are 5, 10, 15, 20% by weight. 
The global trend was used to compare the effects 
of reinforcement. Table 1 presents a description 
and density of the manufactured materials. The 
PLA/PHBV and its composites were fabricated 
through injection molding, and the processing pa-
rameters are presented in Table 2.

Methods of testing

Strength tests are of paramount importance as 
they serve as indicators of future research direc-
tions. In this study, both static tension and static 
bending tests were conducted. The Charpy meth-
od, which involves impact testing on unnotched 
specimens, was carried out using a Zwick/Roell 
HIT5.5P hammer (Ulm, Germany) in accordance 
with PN-EN ISO 179-1:2010. The static tensile 
test (PN-EN ISO 527-1:2010) and static bend-
ing test (PN-EN ISO 178:2011) were performed 
on a Shimadzu AGS-X 10 kN testing machine 
(Kyoto, Japan) with a test speed of 10 mm/min. 
All strength tests were repeated after the acceler-
ated thermal aging process. The accelerated ther-
mal aging process was carried out using an QUV 

Table 1. Description of the materials produced
Designation Description Density (g/cm3)

PLA/PHBV PLA/PHBV blend containing 90% PLA and 10% PHBV as the base material 1.242 ± 0.004

5MCC PLA/PHBV blend with 5 wt.% of microcrystalline cellulose 1.231 ± 0.003

10MCC PLA/PHBV blend with 10 wt.% of microcrystalline cellulose 1.278 ± 0.001

15MCC PLA/PHBV blend with 15 wt.% of microcrystalline cellulose 1.281 ± 0.001
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Accelerated Weathering Tester aging chamber (Q-
LAB Corporation,Westlake, OH, USA). Method 
and parameters are described in detail in [35].

The fabrication of composites necessitated 
the development of mechanical hysteresis loops 
to provide insight into their viscoelastic proper-
ties. The study employed an applied load of up 
to 50% of the maximum breaking force identified 
during the tensile test of the weakest material. 
This procedure aimed to assess the displacement 
that occurs during repetitive use and the energy 
dissipation. The tests were carried out using a 
Shimadzu AGS-X 10 kN testing machine (Kyoto, 
Japan) equipped with Autograph Trapezium X 
software for energy dispersion analysis. The load-
ing and unloading speed were set at 10 mm/min. 

Differential scanning calorimetry (DSC) was 
conducted. Portions of the material, weighing 
5.0 ± 0.2 mg, were measured using a RADWAG 
22W laboratory balance (Radom, Poland) with a 
resolution of 0.01 mg and placed in an aluminum 
crucible. The DSC test was carried out using an 
instrument Netzsch DSC 404 F3 Pegasus (Selb, 
Germany). The study program comprised the fol-
lowing stages, which were repeated twice: (1) 
heating from -20 °C to 200 °C at a rate of 10 °C/
min under a nitrogen atmosphere, (2) annealing at 
200 °C for 10 minutes in a nitrogen atmosphere, 
and (3) cooling from 200 °C to -20 °C at 10 °C/
min under nitrogen.

The evaluation of rheological properties in 
the low shear rate range was conducted using os-
cillatory rheometry on an Anton Paar MCR 302e 
(Graz, Austria) rotational rheometer in a parallel 
plate system with a diameter of 25 mm and a mea-
suring gap of 1 mm. The measuring temperature 
was set according to the maximum temperature 
applied during stirring, which was 180 °C. Mea-
surements were made with a strain of γ = 0.05%, 
which was selected based on preliminary mea-
surements made in the variable amplitude mode 
of measurement in the range of strain value γ = 
0.01–100% and constant angular frequency ω = 
10 rad/s. The preliminary tests confirmed that the 
applied strain value remained within the range of 
linear viscoelasticity for all material series. The 
analysis of rheological properties was carried out 

in the oscillation mode in the range of angular fre-
quency ω = 0.5–500 rad/s. Rheological tests were 
also conducted using the Goettfert RHEOGRAPH 
120 (Buchen, Germany) capillary rheometer at a 
measurement temperature of 180 °C. Measure-
ments were made using a cylindrical nozzle with 
a channel diameter of 2 mm and a length of 40 
mm, and an entry angle of 120°. The previously 
dried material (Chemland vacuum drying oven, 
min. 24 hours, 60 °C) was placed in the rheom-
eter cylinder and plasticized for 180 s. The com-
posite was then extruded, and the pressure of the 
plasticized polymer composition was determined 
before entering the measuring nozzle at a specific 
volumetric flow rate. The tests were conducted in 
the shear rate range from 50 s-1 to 900 s-1 of the 
uncorrected shear rate. Due to the use of a nozzle 
with a ratio of L/D = 20, the Bagley correction 
was omitted.

The study employed a JEOL JSN5510LV 
(Tokyo, Japan) scanning electron microscope 
manufactured by JEOL Ltd. in Tokyo, Japan, for 
microscopic examinations. To ensure accurate 
results, the sample’s surface was coated with a 
conductive gold layer using the JOEL JEE-4X 
vacuum evaporator, also produced by JEOL Ltd. 
in Tokyo, Japan, prior to testing.

RESULTS AND DISCUSSION

Mechanical investigation

The manufactured composites were subjected 
to fundamental tests of mechanical properties, 
and the results are illustrated in Figures 1–3. The 
research findings indicate that the addition of mi-
crocrystalline cellulose to PLA/PHBV blends has 
a positive impact on the stiffness and deformabil-
ity of the composite. However, the study results 
suggest that an increase in strain was only ob-
served for the material containing 5% of the ad-
ditive by weight. A further increase in the content 
of the additive resulted in a decrease in deforma-
tion at break. The incorporation of microcellulose 
also led to a decrease in bending strength and 
tensile strength. Nevertheless, as the fiber content 

Table 2. Injection molding parameters to produce testing specimens
Temperature (°C) Injection 

pressure (bar)
Compression 
pressure (bar)

Press time 
(s)Feed zone Zone 1 Zone 2 Zone 3 Zone 4 Nozzle Mold

50 180 180 185 190 185 30 1000 650 10
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Figure 1. Example of stress-strain curves

Figure 2. Comparison of tensile properties

increased, Young’s modulus and flexural modu-
lus increased, resulting in increased stiffness of 
the material. The decrease in strength with higher 
fiber content can be attributed to poor cellulose 
adhesion to the polymer matrix, and the micro-
fibers themselves can introduce internal stresses 
that weaken the material.

The integration of cellulose into polymer 
composites significantly impacts their mechani-
cal properties. However, other studies have dem-
onstrated that enhancing the cellulose content 
in composites optimizes these properties, with 
the most favorable results achieved at specific 

concentrations of cellulose [36]. The influence on 
the mechanical properties of polymer composites 
depends on the type of cellulose utilized and the 
modification techniques applied. For example, 
plasma- and TEMPO-modified celluloses have 
an effect on the morphology, thermal, and me-
chanical properties of poly(3-hydroxybutyrate) 
composites [37]. Cellulose nanofibers and similar 
fibers have been extensively studied as reinforce-
ments for polymer nanocomposites, exhibiting 
exceptional mechanical and thermal properties 
[38]. The interfacial adhesion between cellulose 
and the polymer matrix plays a critical role in 
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enhancing these properties [39]. Moreover, the 
dispersion of cellulose nanofibers in polymer ma-
trices results in a significant increase in tensile 
strength, highlighting cellulose’s positive effects 
reinforcement [40]. The mechanical properties 
of cellulose-based polymer composites can be 
further optimized by pre-fibrillation of the pulp, 
resulting in cellulosic nanofiber-reinforced poly-
mers with excellent mechanical properties and a 
low coefficient of thermal expansion [41]. Addi-
tionally, microcrystalline cellulose as a reactive 
reinforcing filler has been shown to enhance the 
mechanical properties and thermal stability of 
polymer composites [42].

The incorporation of various forms of cellu-
lose, including cellulose nanocrystals, fibers, and 
tendrils, into polymer composites has garnered sig-
nificant attention from researchers [43–45]. These 
materials, derived from plants and bacteria, pos-
sess the potential to enhance the mechanical prop-
erties and moisture resistance of polymer com-
posites [46, 47]. The primary motivation for using 
cellulose fibers in polymer composites is their en-
vironmental friendliness, stemming from the re-
newability of cellulose [48]. Studies have shown 
that cellulose nanocrystals and nanofibers have 
a synergistic effect on polymer nanocomposites 
[49]. The interaction between cellulose fibers and 
the polymer matrix is a critical factor influencing 
the overall performance of the composite material 
[42]. Moreover, cellulose has been demonstrated 
to improve the thermal stability of polymer com-
posites [50]. Research has also investigated the 

effects of cellulose fillers on various polymer ma-
trices, such as polypropylene, epoxidized soybean 
oil, and poly(3-hydroxybutyrate-co-3-hydroxy-
hexanoate) concluding that the addition of cel-
lulose increases their mechanical properties [50, 
51]. Furthermore, studies have been conducted on 
the development of biodegradable polymer com-
posites using cellulose fibers derived from various 
sources, such as hollow bunches of oil palm fruits. 
Surface modification of MCC constitutes a critical 
area of research aimed at enhancing the interfacial 
adhesion between MCCs and polymer matrices in 
composite materials. Augmenting this adhesion 
is essential for improving the mechanical proper-
ties and overall efficacy of polymer composites. 
Various surface modification strategies have been 
developed, each with its distinct mechanisms of 
action and effects.

One efficacious approach involves the utiliza-
tion of chemical treatments to modify the surface 
properties of MCCs. For instance, silanization is 
frequently employed to enhance the compatibility 
of hydrophilic cellulose fibers with hydrophobic 
polymer matrices. This technique augments in-
terfacial adhesion, thereby improving cellulose-
polymer interactions, while concurrently reducing 
moisture absorption, resulting in enhanced me-
chanical properties [52]. Furthermore, the utiliza-
tion of diblock copolymer dispersants enhances 
the wettability of cellulose nanofibers (CNFs) in 
polymer matrices, thereby reducing fiber-fiber in-
teractions and improving fiber dispersion within 
the matrix [53]. An alternative promising approach 

Figure 3. Comparison of flexural properties
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involves the grafting of polymers onto the surface 
of MCC, which alters its surface properties and en-
hances interaction with the polymer matrix. For in-
stance, research conducted by Wang et al. demon-
strated that grafting the polymer onto the surface of 
the MCC significantly increased the adhesion be-
tween the MCC and the polybutylene adipate-co-
terephthalate (PBAT) matrix, resulting in enhanced 
mechanical properties of the composite [54]. Simi-
larly, the utilization of adhesion peptides, inspired 
by mechanisms observed in nature, enhanced the 
adhesion strength at the MCC boundary, demon-
strating the potential of biomimetic approaches for 
advanced materials design [44].

In addition to chemical modifications, physi-
cal methods such as steam blast treatment that 
enhance the mechanical properties of MCC-filled 
composites were also investigated. This process 
alters the structure of the cellulose, increasing its 
surface area and facilitating improved interaction 
with the polymer matrix [55]. The utilization of 
coupling agents has been demonstrated to en-
hance the thermal stability and mechanical prop-
erties of composites by augmenting the adhesion 
between cellulose fibers and the matrix [56].

In conclusion, MCC surface modification plays 
a crucial role in enhancing interfacial adhesion in 
polymer composites. Techniques such as chemical 
processing, polymer grafting, and physical modifi-
cations contribute to increased interfacial interac-
tions, resulting in improved mechanical properties 
and enhanced performance of composites. Ongo-
ing research in this field facilitates the development 

of innovative methods to optimize the utilization 
of MCC in diverse polymer applications.

Thermal aging

The assessment of strength properties was 
repeated following the accelerated thermal ag-
ing process. The aging process has a significant 
impact on polymers and polymer composites, re-
sulting in changes to their mechanical, rheologi-
cal, and thermal properties [57]. This process may 
involve rapid compaction, gradual rearrangement 
of chains, brittleness due to internal stresses, and 
slow degradation of properties when exposed to 
external factors such as light, temperature, and 
humidity [58]. Aging can cause polymer chains 
to break, produce free radicals, and reduce mo-
lecular weight, leading to deterioration of mate-
rial properties [59]. Environmental processes, 
such as photochemical weathering, can also alter 
the physicochemical properties of polymers, af-
fecting their fate and transport. Furthermore, ag-
ing accelerates the degradation of polymers under 
thermal oxidation conditions, particularly when 
exposed to UV light [60, 61]. Aging can also af-
fect chemical composition, rheological and me-
chanical properties, reduce gas permeability, and 
lead to other mechanical changes [62].

The outcomes of mechanical testing follow-
ing the accelerated thermal aging process are 
depicted in Figure 4–5. The PLA/PHBV blend 
experienced complete degradation. In contrast, 
samples containing microcellulose were not fully 

Figure 4. Comparison of tensile strength before and after accelerated thermal aging
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degraded, demonstrating the stabilizing influence 
of cellulose, which mitigates the impact of exter-
nal factors. Both materials exhibited a decrease in 
mechanical properties compared to non-aged ma-
terials, with higher cellulose content correlating 
with increased resistance to aging agents. These 
findings align with those of Omar et al., who in-
vestigated the influence of microcellulose on a 
PLA/LLDPE composite subjected to accelerated 
aging. Their results indicated that composites 
containing microcellulose exhibited greater resis-
tance to aging [63]. It is essential to emphasize 
the role of microcellulose in this type of biode-
gradable composites, as it suspends the stability 
of the material. However, with the use of appro-
priate environmental conditions, these materials 
will completely degrade without adverse effects 
on the natural environment. The high crystallin-
ity of MCC is a critical factor in enhancing its 
resistance to environmental conditions. The crys-
tal structure confers superior mechanical strength 
and thermal stability compared to amorphous 
forms, enabling the maintenance of integrity un-
der varying conditions such as temperature and 
humidity fluctuations. Research has demonstrated 
that MCCs, when utilized as a filler in polymer 
matrices, enhance the thermal properties of com-
posites, enabling them to withstand elevated tem-
peratures without degradation [42].

Due to its low coefficient of thermal expan-
sion, MCC exhibits dimensional stability, thereby 
reducing the risk of deformation and delamina-
tion in composites subjected to temperature and 

humidity fluctuations. This characteristic enhanc-
es their overall thermal stability and performance 
in adverse environmental conditions [55, 64].

Results show that increased MCC content can 
have a stabilising effect, making an important con-
tribution to the development of more durable biode-
gradable materials. However, the authors note that 
accelerated aging, used in the study as a method to 
simulate long-term environmental effects, does not 
fully reflect the actual conditions of natural aging. 
Accelerated aging tests involve the intensification 
of factors such as temperature, humidity or UV ra-
diation, which accelerates degradation processes, 
but does not accurately reflect the variability and 
complexity of natural environments. As a result, 
the results obtained under such conditions may dif-
fer from observations in real-world applications, 
requiring caution in interpreting and transferring 
conclusions to practice. Highlighting this differ-
ence is crucial to gain a complete understanding of 
the behavior of materials in their actual life cycle.

Mechanical hysteresis loop

The concept of determining the initial me-
chanical hysteresis loops during cyclic loading 
and unloading tests is utilized to evaluate energy 
dissipation in materials. In conventional materi-
als, energy is primarily dissipated through in-
ternal friction, whereas in composites, energy is 
additionally dissipated through interactions be-
tween the components, such as the detachment 
of reinforcement from the matrix. Cieszyński and 

Figure 5. Comparison of Young’s modulus before and after accelerated thermal aging
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Topoliński’s research demonstrated that scattering 
energy analysis can assess the quality of process-
ing and predict the long-term properties of com-
posites. Variations in energy dissipation during the 
first few load cycles may indicate the interactions 
between the matrix and the reinforcement, as well 
as the occurrence of critical stress states in the in-
terfacial areas, resulting in relaxation and crack-
ing, which are visible as hysteresis loops [65, 66]. 
Figures 6–7 depict the outcomes of the initial 20 
hysteresis loops, obtained in the material’s elastic 
range, with a maximum load of 1000 N.

The study’s outcomes revealed that the ma-
terials with 10% and 15% microcellulose addi-
tives had higher dissipation energy compared 
to the base material and the composite with 5% 
content. Conforming to the principles outlined by 

Cieszynski and Porębska et al. [67,68], the energy 
dissipated in composites is used to counteract in-
ternal stresses. Incorporating an additive results 
in localized internal stresses, which are alleviated 
during the initial elastic load cycles. This concept 
is corroborated by the observation that the elastic 
modulus increased following the initial few load 
cycles and thereafter remained at a constant level. 
The findings of Mazur et al. [69] also provided a 
similar conclusion, indicating a decrease in dis-
sipation energy during the initial load cycles.

Thermal and reological analisys 

The thermal properties of manufacturedcom-
posites were evaluated using differential scanning 
calorimetry (DSC) to determine the processing 

Figure 6. Comparison of the first and twentieth hysteresis loops

Figure 7. Comparison of dissipation energy (a) and Young’s modulus (b) in the first and twentieth load cycles

a) b)
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temperature ranges and the temperature of rheo-
logical properties measurements for the materi-
als under consideration. The results of the DSC 
analysis are presented in Table 3, which lists the 
melting point at first heating (Tm1), the crystalli-
zation temperature (Tcr) and the melting enthalpy 
of the crystalline phase (ΔHm). It is important to 
note that the filler used did not impact the crystal 
structure of the polymers.

Rheological properties are typically evaluated 
through the oscillatory rheometry method, which 
operates within small strain ranges and measures 
angular velocity up to 500 rad/s. These values can 
be related to results obtained through rotational 
or capillary rheometry. However, for composite 
materials containing filler particles that can be 
oriented in flow conditions, the above-mentioned 
combination may not be feasible. Nonetheless, the 
technique is useful for describing the relationships 
and interactions between components of multi-
component polymer systems in the molten state.
Rheological tests performed on materials based 
on PLA/PHBV demonstrated a significant impact 
of process conditions on rheological properties 

(Figures 8–11). The combined viscosity values for 
the processed material were significantly reduced, 
and the addition of cellulose in amounts of 5% 
and 10% by weight further decreased the complex 
viscosity in the higher range of angular frequen-
cies (Figures 8–9). However, a different trend was 
observed for the composite containing 15 wt.% 
of cellulose. For the batch containing the highest 
concentration of filler, only a decrease in viscos-
ity values was observed across the entire range of 
angular frequencies, without the characteristic pla-
teau seen in unmodified polymer and composites 
with lower filler content. The decrease in viscosity 
values observed for the PLA/PHBV sample in the 
range below 1 rad/s may be due to thermal or ther-
mo-oxidative degradation of the polymer caused 
by the prolonged measurement time in an oxidiz-
ing atmosphere. Based on the tests conducted, it is 
suggested that the use of hydrolysis stabilizers or 
chain extenders may be necessary to increase the 
polymer’s resistance to process conditions in the 
case of composites produced using PLA/PHBV. 
The addition of cellulose clearly resulted in a de-
crease in the viscosity of the composition, possibly 

Table 3. DSC results
Designation Tm1 (°C) Tcr (°C) ΔHm (J/g)

PLA/PHBV 170.4 119.1 125.2

5MCC 167.4 117.8 119.3

10MCC 168.5 117.7 117.0

15MCC 170.3 115.4 101.3

Figure 8. Complex viscosity of tested materials
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due to degradation of the polymer matrix or the 
presence of pores, and the previously described in-
crease in viscosity in the range of the lowest angu-
lar frequencies, likely caused by the formation of 
a structure of physically jammed filler particles in 
the alloy with limited mobility.

The rheological measurements obtained using 
a capillary rheometer were recorded in the form of 
data points, which displayed changes in unadjust-
ed dynamic viscosity and shear stress according to 
fluctuations in shear rate. Although oscillatory rhe-
ometry is beneficial for examining interactions be-
tween composite elements, capillary rheometry is 
suitable for depicting flow conditions that are iden-
tical to those that occur during the extrusion pro-
cess (10–1,000 s-1) and injection (100–100,000 s-1). 
Due to the particle size of the fillers and the con-
centrations used, a capillary nozzle with a diameter 
of 2 mm was required during the research, which 
restricted the capacity to attain high shear rates 
(maximum 900 s-1). However, these rates are still 
relevant to the flow conditions in both technologi-
cal processes. In rotational or oscillatory rheome-
try, it is common to observe significant differences 
in viscosity between material series containing 
fillers. For shear-thinned liquids, these disparities 
decrease as the shear rate increases, particularly in 
the case of capillary flow conditions. When in a 
molten state and subjected to the conditions used, 
all the polymer composites under consideration 
exhibited non-Newtonian shear-thinned liquid be-
havior. The formation of composites composed of 

cellulose and PLA/PHBV was observed to be ac-
companied by unstable flow during measurement. 
This can be attributed to a higher volume fraction 
of the filler and probable cyclic blockage of the 
extruder nozzle. Flattening the flow curves in the 
range above 200 s-1 may be related to the transition 
to the second non-Newtonian flow range. From a 
processing standpoint, it is important to consider 
the limited control over the mold cavity filling 
process by adjusting parameters such as injection 
speed. However, increasing the shear rate is not 
expected to result in a significant decrease in the 
viscosity of the alloy (Figure 10–11).

The rheological properties was also examined 
using oscillatory and capillary rheometry meth-
ods, following a preliminary evaluation of the 
thermal properties. The use of differential scan-
ning calorimetry enabled the determination of the 
melting point of individual polymers and com-
posites, facilitating the selection of appropriate 
temperature settings for processing and measure-
ments. This was particularly crucial, given that 
the proposed fillers were limited by the process-
ing temperature range resulting from the incorpo-
ration of ingredients of natural origin (maximum 
temperature of 200 °C). The incorporation of 
cellulose into polymer composites has a signifi-
cant effect on their rheological properties. Stud-
ies have demonstrated that cellulose increases 
viscosity and causes shear thinning of composite 
solutions, with this effect being more pronounced 
for cellulose than starch [70]. Furthermore, the 

Figure 9. Storage modulus G’ and loss modulus G” for tested composites
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Figure 10. Shear stress of tested composites

Figure 11. Shear viscosity of tested composites

initial length of cellulose fibers plays a vital role 
in shaping the rheological properties of compos-
ites, particularly at low fiber content levels. At 
higher fiber content levels, the amount of fiber 
content is the determining factor [71]. The ad-
dition of CNFs to polypropylene composites en-
hances the elastic modulus, complex viscosity, 
and transient shear stresses, while reducing creep 
deformation [72, 73]. The rheological behavior 
of cellulose nanocrystal suspensions is heavily 
influenced by the concentration and morphology 
of the nanoparticles, with a higher concentration 
of cellulose nanoparticles significantly impact-
ing the rheological properties [74]. Enhancing the 

processability of microcellulose in composites is 
crucial for improving their mechanical properties 
and expanding their applications. This enhance-
ment can be achieved through chemical modifica-
tions, additives utilization, and processing condi-
tions optimization. An exemplar of an efficacious 
method is the hybrid modification of microcel-
lulose, which augments its hydrophobicity and 
compatibility with polymer matrices [75]. The in-
corporation of conductive polymers, such as poly-
aniline, enhances the conductivity, dispersion, and 
functionality of composites [76]. Optimization of 
techniques, such as sonication, enhances disper-
sion and interfacial bonding [77]. The utilization 
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of thermoplastic cellulose compounds and natu-
ral raw materials such as pineapple leaves facil-
itates the development of sustainable materials 
with enhanced properties [78]. The incorporation 
of maleic anhydride grafted polypropylene (MA-
g-PP) as a compatibilizer enhances the adhesion 
between microcellulose and polypropylene, there-
by increasing the mechanical strength of the com-
posites. For instance, impact resistance exhibits 
an increase of 13% [79]. Compatibilizers such as 
MA-g-PP or itaconic acid copolymer enhance the 
adhesion between cellulose particles and the ma-
trix by minimizing interfacial voids and improv-
ing dispersion [80]. Surfactants also enhance dis-
persion and mechanical properties, particularly in 
nanocellulose systems [81]. Optimization of fiber 
size and shape further enhances the efficiency of 
composites [82].

Morofological analisys

Microscopic observations were conducted on 
the fractures of composites after the static ten-
sile test, and the results are depicted in Figures 
12–15. The f﻿indings indicated that the addition 
of microcellulose caused the cracking to become 

increasingly brittle. The microcellulose was uni-
formly dispersed within the polymer matrix. No 
evidence of the pulling out mechanism was found. 
The materials cracked at the filler-warp interface, 
and a decrease in tensile strength suggested poor 
adhesion to the matrix. However, the introduc-
tion of well-embedded particles affected the ma-
terial’s stiffness. Additionally, a large variance in 
the size of cellulose particles, ranging from 20 to 
700 micrometers, was observed. The dispersion of 
MCC in polymer matrices significantly influences 
the mechanical properties of composites and the 
fiber-matrix interface. The uniform dispersion of 
MCC enhances interfacial adhesion, facilitating 
efficient stress transfer and improving mechanical 
properties due to the formation of hydrogen bonds 
between cellulose hydroxyl groups and polymer 
chains [83–87]. Insufficient dispersion, converse-
ly, results in the agglomeration of MCC, thereby 
limiting the contact area with the matrix and conse-
quently diminishing the adhesion and mechanical 
properties of the composite [88, 89]. The dimen-
sions and morphology of MCC particles also play 
a crucial role – particles of smaller size provide 
a greater binding surface area, thereby enhancing 
their strengthening efficacy [90]. The utilization 

Figure 12. SEM images of PLA/PHBV material

Figure 13. SEM images of PLA/ PHBV modified with 5 wt.% of microcellulose
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of compatibilizers, such as maleic anhydride, en-
hances the dispersion of MCCs in hydrophobic 
polymer matrices, thereby improving the inter-
facial adhesion and mechanical properties of the 
resultant composites [91, 92]. This approach is 
particularly applicable to enhancing the compat-
ibility of MCCs with hydrophobic polymers [93].

CONCLUSIONS

The research findings illustrate the favorable 
effect of incorporating microcellulose in biode-
gradable materials. The addition of cellulose par-
ticles enhances the stiffness and resistance of the 
material to aging agents. It is important to note 
that the concentration of the additive is a critical 
factor, and suspending it up to 15% by weight 
may cause processing difficulties. However, the 
ability to regulate the amount of additive and the 
property of the material by creating biodegrad-
able polymer blend matrix composites with no 
negative environmental impact opens up numer-
ous potential applications.

In addition, studies have shown that cel-
lulose improves the mechanical properties of 

natural fiber composites, such as sisal, flax, jute, 
and coconut fiber. These types of materials rep-
resent the future of composite materials and have 
a wide range of applications, and additionally 
they are harmless, renewable and have the re-
quired strength properties. MCC modified PLA 
and PHBV blends are innovative and significant 
for enhancing their mechanical properties such 
as tensile strength and elastic modulus. MCC en-
hances the biodegradability of these materials, 
expedites the degradation process, which is ben-
eficial for the environment. 

Furthermore, MCC reduces production ex-
penses and minimizes the utilization of petro-
chemicals, contributing to more sustainable de-
velopment. This modification also improves the 
thermal stability and barrier properties of the 
compounds. Extraction from waste, for example 
through enzymatic hydrolysis, is economically 
viable and environmentally sustainable. MCC-
reinforced composites reduce the need for addi-
tional materials and have a longer service life, 
which lowers production costs. Thanks to its bio-
degradability, MCC supports sustainable prod-
ucts, which increases their market attractiveness 
and consumer value.

Figure 15. SEM images of PLA/ PHBV modified with 15 wt.% of microcellulose

Figure 14. SEM images of PLA/ PHBV modified with 10 wt.% of microcellulose
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