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tential environmentally friendly
3D printing biocomposite filament based on
poly(lactic acid) and cellulose fibers from
agricultural waste

Nguyen Chi Thanh, *a Pham Duc Thinh,a Bui Phuong Dong,a Tran Hai Cata

and Nguyen Thanh Huy bc

This study focuses on the fabrication of biocomposites based on poly(lactic acid) (PLA) and cellulose fibers

(CMF) extracted from corn cob agricultural waste using a simple alkaline hydrogen peroxide (HPK)

treatment. The HPK process was optimized by varying the ratio of weight of raw material and volume of

used chemicals (wt/V), reaction temperature, and reaction time. The extracted cellulose fibers were used

as reinforcing agents in the PLA matrix to improve the mechanical properties of the biocomposites. To

enhance compatibility and interfacial adhesion between the cellulose fibers and the polymer matrix, the

fiber surface was chemically modified using rice bran oil (RBO), an environmentally friendly modification

agent. Scanning electron microscopy (SEM) and Fourier-transform infrared spectroscopy (FTIR) analyses

confirmed the effective removal of surface impurities, hemicellulose, and lignin from the corn cobs after

HPK treatment. X-ray diffraction (XRD) results showed that the treated cellulose fibers exhibited a higher

crystallinity index than the raw material, while thermogravimetric analysis (TGA) demonstrated improved

thermal stability of the cellulose fibers. Differential scanning calorimetry (DSC) indicated that the

incorporation of RBO-modified cellulose fibers enhanced the crystallization rate of PLA, and rheological

measurements revealed higher viscosity of PLA/RBO1 biocomposites compared to neat PLA across the

entire shear rate range. Tensile test results demonstrated that biocomposites containing RBO-modified

cellulose fibers exhibited significantly improved mechanical properties, with the composite containing

1 wt% CMF achieving the highest performance. Furthermore, PLA/RBO1 composite filaments showed

good printability via fused deposition modeling (FDM), highlighting their potential as environmentally

friendly materials for 3D printing applications.
Introduction

In the context of increasing environmental pollution and the
urgent need for sustainable materials, the development of bio-
based composites from renewable resources has garnered
signicant attention.1 The extraction and utilization of non-
renewable resources not only deplete natural reserves but also
exacerbate plastic waste and environmental pollution issues.
This scenario highlights the critical demand for scientists and
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industries to explore and develop novel materials derived from
renewable, eco-friendly, and biodegradable sources.2

Vietnam is an agricultural country with a substantial amount
of agricultural waste generated annually.3 Among the by-
products, corn cob-a residue from corn processing has attrac-
ted growing interest due to its high recyclability and wide-
ranging applications.4 The utilization of corn cobs not only
reduces agricultural waste but also adds economic value to the
circular economy. The primary composition of corn cobs
includes cellulose (30–50%), hemicellulose (30–40%), and
lignin (5–10%). Due to their high cellulose content, corn cobs
serve as an excellent raw material for developing environmen-
tally friendly bio-based materials.5

Cellulose extracted from lignocellulosic biomass was ob-
tained at the nano or micro scale using various methods,
including chemical, biological, and mechanical processes, to
remove hemicellulose, lignin, pectin, and other amorphous
components found in corn cobs.6 Chemical methods commonly
used for cellulose extraction involved acid and alkaline
© 2026 The Author(s). Published by the Royal Society of Chemistry
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treatments. Alkaline solutions such as NaOH, KOH, and
Ca(OH)2 were typically employed to remove hemicellulose and
lignin from the chemical structure of corn cobs, while inorganic
acids (H2SO4, HNO3,.) and organic acids (acetic acid, formic
acid,.) were used to isolate cellulose.7 However, chemical
treatments generated byproducts that contributed to environ-
mental pollution and degraded the quality of the extracted
cellulose. Biological methods, which were considered environ-
mentally friendly, eliminated the need for hazardous chemicals.
These methods utilized microorganisms and enzymes to
degrade hemicellulose and lignin, yielding high-purity cellu-
lose.8 Despite their advantages-such as sustainability and
minimal chemical consumption-biological methods had
certain limitations, including high costs, slow processing times,
and challenges in process control. Meanwhile, mechanical
methods relied on strong physical forces to separate cellulose
bers. Common techniques included grinding, high-pressure
homogenization, and ultrasonication.9 However, mechanical
processing was highly energy-intensive and was oen combined
with other methods to enhance extraction efficiency. Each
method had its own advantages and limitations, and the
selection of an appropriate approach depended on the intended
application. In this study, chemical treatment using an H2O2/
NaOH system was applied to extract cellulose from agricultural
waste, specically corn cobs.

As a natural polymer, cellulose bers possess signicant
advantages such as non-toxicity, biodegradability, renewability,
and biocompatibility, making this natural ber an attractive
alternative to synthetic polymers in various applications,
including food, pharmaceuticals, cosmetics, and composite
materials.10,11

Poly(lactic acid) (PLA) is a bio-based polymer synthesized
from renewable feedstocks such as corn starch and sugarcane.2

With the chemical formula (C3H4O2)n, PLA belongs to the
poly(a-hydroxy ester) group and features a helical molecular
structure with orthorhombic unit cells, forming a tightly packed
network.12 This molecular structure signicantly inuences the
physical properties of PLA, including its melting temperature
(Tm) and glass transition temperature (Tg).13,14 PLA is widely
used due to its biodegradability, excellent biocompatibility, and
ease of processing.15 However, PLA exhibits several limitations,
such as brittleness, low thermal stability, and poor crystallinity,
which hinder its mechanical performance.16 Incorporating
cellulose bers into the PLA matrix had been demonstrated as
an effective approach to enhance mechanical strength, thermal
stability, and crystallinity while maintaining the material's
biodegradability.17

Reported studies explored the reinforcement of PLA-based
composites using nanocrystalline cellulose (CNCs) extracted
from corn cobs, which signicantly improved the tensile
strength and crystallinity index of polymer composite.1

Furthermore, surface modication of cellulose bers had been
shown to enhance ber-matrix interfacial adhesion, leading to
superior mechanical properties in biocomposites.18

3D printing technology is revolutionizing industrial
manufacturing due to its exibility, high customization poten-
tial, and ability to minimize material waste.19 However, most
© 2026 The Author(s). Published by the Royal Society of Chemistry
current 3D printing materials are synthetic polymers, which are
non-biodegradable and signicantly contribute to environ-
mental pollution.20 Therefore, the development of biodegrad-
able and renewable 3D printing materials has emerged as
a critical trend in sustainable manufacturing.15,21

Based on this premise, this study focused on the fabrication
of PLA-based biocomposites reinforced with corn cobs-derived
cellulose bers, aiming to develop eco-friendly materials for
3D printing applications.22,23 By optimizing cellulose extraction
and surface modication processes, this research not only seeks
to reduce environmental pollution but also addresses the
growing demand for bio-based 3D printing materials, contrib-
uting to the advancement of a circular and sustainable
economy.
Materials and methods
Materials

Corn cobs were collected from Giang Dien Commune, Trang
Bom District, Dong Nai Province, Vietnam. Hydrogen peroxide
(H2O2), sodium hydroxide (NaOH), and ethanol were obtained
from Sigma-Aldrich. A commercial grade of PLA (PLA 4043D)
was purchased from NatureWorks. Distilled water was supplied
by the Material Technology Laboratory, Faculty of Applied
Sciences, Ho Chi Minh City University of Technology and
Education (HCMUTE).
Methods

Extraction of cellulose bers from corn cobs using alkaline
hydrogen peroxide (HPK) treatment. The collected corn cobs
were sun-dried and ground into ne powder. The powder was
sieved to obtain a uniform particle size and then dried in an
oven at 70 °C for 24 h to remove residual moisture. Subse-
quently, 10 g of the dried corn cobs powder was placed in
a laboratory ask and mixed with 150 mL of a 2% hydrogen
peroxide (H2O2) solution. The pH of the mixture was adjusted to
11.5 using 5M sodium hydroxide (NaOH). Themixture was then
heated to 50 °C and continuously stirred using a magnetic
stirrer for 4 h. Finally, the sample was ltered and washed until
neutral pH was achieved, followed by drying at 50 °C for 24 h.

Aer the reaction, the mixture was ltered to separate the
solid residue (primarily cellulose) from the liquid phase con-
taining degraded components. The solid residue was washed
thoroughly with distilled water until a neutral pH was achieved
to remove any remaining impurities. The reaction conditions,
such as the raw material-to-chemical solution ratio, reaction
temperature, and reaction time, were respectively presented in
Tables 1–3.

Surface modication of cellulose bers using rice bran oil
(RBO). To enhance the interfacial compatibility between cellu-
lose bers and the PLA matrix, the extracted CMF were sub-
jected to surface modication using rice bran oil (RBO), a bio-
based and environmentally friendly modier. The chemical
modication process aimed to reduce the hydrophilicity of
cellulose bers while improving their dispersion within the
polymer matrix as well as the interfacial adhesion between two
RSC Adv., 2026, 16, 10346–10362 | 10347
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Table 1 Experimental conditions for examining the influence of the raw material-to-chemical solution ratio

Reaction parameters CMF-TL1 CMF-TL2 CMF-TL3

Raw material-to-chemical solution ratioa (wt/V) 1/10 1/15 1/20
Reaction time (hours) 4 4 4
Reaction temperature (°C) 50 50 50

a This table presents the experimental conditions for testing the inuence of the raw material-to-chemical solution ratio on the extraction of
cellulose from corn cobs. The ratios of 1/10, 1/15, and 1/20 (wt/V) were tested under a constant reaction time of 4 hours at 50 °C.

Table 2 Experimental conditions for examining the effect of reaction temperature

Reaction parameters CMF-T1 CMF-T2 CMF-T3

Raw material-to-chemical solution ratio (wt/V) 1/10 1/10 1/10
Reaction time (hours) 4 4 4
Reaction temperaturea (°C) 50 60 70

a The table shows the experimental conditions used to examine the effect of varying reaction temperatures on the extraction process. The reaction
temperature was varied at 50 °C, 60 °C, and 70 °C, while the raw material-to-chemical ratio was maintained at 1/10 (wt/V) for 4 hours.

Table 3 Experimental conditions for investigating the effect of reaction time

Reaction parameters CMF-T1 CMF-T2 CMF-T3

Raw material-to-chemical solution ratio (wt/V) 1/10 1/10 1/10
Reaction timea (hours) 3 4 5
Reaction temperature (°C) 50 50 50

a This table outlines the experimental conditions used to investigate the inuence of reaction time on the cellulose extraction process from corn
cobs treated with hydrogen peroxide-alkaline (HPK). The experiment was conducted at three different reaction times (3, 4, and 5 hours) under
a constant raw material-to-chemical ratio of 1/10 (wt/V) and reaction temperature of 50 °C.
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phases. Firstly, the extracted cellulose bers were dried at 50 °C
for 24 hours to remove residual moisture before chemical
modication treatment. A solution of 5 wt% RBO in ethanol was
Fig. 1 Extraction process and chemical modification of cellulose fibers.

10348 | RSC Adv., 2026, 16, 10346–10362
prepared under constant stirring to ensure homogeneous
dispersion of the oil. Aer that, the dried cellulose bers were
immersed in the prepared RBO-ethanol solution and subjected
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Composition of biocomposites based on PLA and extracted
cellulose fibers

Symbol
PLA
(wt%)

Unmodied
CMF (wt%)

RBO-chemically
modied CMF (wt%)

PLA 100 — —
PLA/CMF1 99.0 1.0 —
PLA/CMF5 95.0 5.0 —
PLA/CMF10 90.0 10.0 —
PLA/RBO1 99.0 — 1.0
PLA/RBO5 95.0 — 5.0
PLA/RBO10 90.0 — 10.0
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to ultrasonication for 15 minutes to facilitate the penetration of
RBO molecules into the ber structure. Finally, the bers were
dried at room temperature and further subjected to thermal
acylation at 110 °C for 2 hours, promoting the esterication
reaction between RBO and the hydroxyl groups of cellulose. The
cellulose bers extraction and surface chemical modication
processes were described in Fig. 1.

Preparation of biocomposites based on extracted cellulose
bers and PLA. The biocomposites between unmodied and
chemically modied cellulose bers and poly(lactic acid) were
fabricated by melt mixing method using an internal mixer
(Haake Rheomix, 3000p) at a temperature of 170 °C. The ratio of
each component of composites is shown in Table 4. The mixing
time and mixing speed were kept at 10 min and 60 rpm,
respectively. The fabrication of PLA/cellulose bers bi-
ocomposite consists of two main stages: drying of materials and
mixing of components.

PLA and cellulose bers were dried in an oven at 70 °C for 3
hours to remove residual moisture. This step ensures material
quality and stability during melting mixing. Subsequently, the
determined amounts of dried PLA and cellulose ber were pre-
mixed using a mechanical mixer. All compositions of bi-
ocomposites were charged into the mixing chamber at the same
time. The fabrication process of the biocomposites based on the
extracted cellulose bers and PLA was illustrated in Fig. 2.

Fabrication of biocomposite lament based on extracted
cellulose bers and PLA. The biocomposite lament fabrication
process was carried out using extrusion technique. Filament of
Fig. 2 Schematic diagram of the experimental process for fabricating
PLA/CMF biocomposites.

© 2026 The Author(s). Published by the Royal Society of Chemistry
PLA/CMF biocomposites was prepared by Fell EVO 3D printing
lament extruder. The lament fabrication process was con-
ducted at the Materials Technology Laboratory, Faculty of
Applied Sciences, Ho Chi Minh City University of Technology
and Education. In this experiment, PLA and 1 wt% of chemically
modied cellulose bers were used to produce lament for 3D
printing. Before conducting the extrusion process, PLA pellets
and chemically modied cellulose bers were dried at 70 °C for
2 hours to remove excess moisture, improving processability
and lament quality. Then, the dried PLA and cellulose bers
were thoroughly pre-mixed before feeding the materials into the
extruder. The lament fabrication process was carried out at
190 °C with screw speed set to 6 level. Under heat and pressure,
the melted material was extruded through the die, forming
a continuous lament with a relatively uniform diameter. The
extruded lament was cooled, collected, and wound onto
spools. The fabrication process of biocomposite lament based
on extracted cellulose bers and PLA was illustrated in Fig. S1 of
the SI.
Characterization analysis

Crystalline structure characterization. X-ray diffraction
(XRD) technique was used to determine the crystalline structure
of corn cobs agricultural waste, extracted cellulose bers, and
PLA-based biocomposite materials. Based on the position of the
diffraction peaks and the intensity of the diffraction peaks, the
crystalline structure as well as the relative crystallinity of the
samples were evaluated. In this characterization, corn cobs,
cellulose bers, and biocomposite materials were analyzed
using an EMPYREAN X-ray diffractometer from PANalytical
(Netherlands) at the University of Finance and Marketing in Ho
ChiMinh City, Vietnam. All measurements were performed over
an 2q range from 5° to 80°, using Cu Ka radiation (l = 1.54056
Å) at 40 kV and 45 mA. The crystallinity index was quantitatively
calculated according to the following eqn (1):

CrIð%Þ ¼ I200 � Iam

I200
� 100 (1)

The crystallinity index (CrI) represents the relative degree of
crystallinity within the material. The intensity I200 corresponds
to the maximum diffraction intensity of the 002 lattice plane,
typically observed between 2q = 22° and 23°, while Iam repre-
sents the minimum intensity, located between the 002 and 101
diffraction peaks, generally within the range of 2q = 18° to 19°.
It is assumed that Iam primarily accounts for the amorphous
contribution with minimal crystalline inuence, whereas I200
encompasses both crystalline and amorphous regions.24

The crystallinity index (CrI) of PLA and PLA/CMF composites
was calculated according to eqn (2).

CrIPLA=CMFð%Þ ¼
P

AcrystallineP
Acrystalline þ

P
Aamorphous

� 100 (2)

where Acrystalline and Aamorphous are the areas under the diffrac-
tion peaks corresponding to the crystalline and amorphous
regions, respectively.25
RSC Adv., 2026, 16, 10346–10362 | 10349
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Fig. 3 XRD patterns of the untreated corn cobs sample (CC) and the
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Thermal properties analysis. The thermal stability of corn
cobs and extracted cellulose bers was determined using a TGA/
DSC 3+ thermal analyzer from Mettler Toledo (Switzerland) at
the Institute of Applied Materials Science, Ho Chi Minh City,
Vietnam. The samples were heated from 25 °C to 600 °C at
a heating rate of 10 °C min−1 under a nitrogen ow of 20
mL min−1.

Thermal properties of PLA and PLA/CMF biocomposites
were characterized by differential scanning calorimetry (DSC)
(model: DSC204F1 Phoenix) technique. The measurements
were conducted by heating the specimens from 40 to 200 °C at
a heating rate of 5 °C min−1 for the rst heating scan to remove
thermal history. Aer keeping the specimens at 200 °C for
5 min, they were cooled to 40 °C at 5 °C min−1. Subsequently,
the samples were heated again to 200 °C at 5 °C min−1 for the
second heating scan.

Surface morphology analysis by SEM. Scanning Electron
Microscopy (SEM) technique was used to examine the micro-
structure and surface morphology of cellulose bers and bi-
ocomposites. The analysis was conducted using a SEM (FE-SEM,
Hitachi S4800 equipped with EDS system, Oxford). During
sample preparation, the specimens were mounted onto metal
stubs using carbon tape. Prior to observation, all samples were
coated with a thin layer of gold to ensure electrical conductivity.
All SEM images were collected under an acceleration voltage of
15 kV.

Cellulose recovery yield. The cellulose recovery yield was
calculated based on mass percentage according to eqn (3):

Recovery yieldð%Þ ¼ m1

m0

� 100 (3)

where m0 is the mass of the raw material (g) and m1 is the mass
of the sample aer the extraction process (g).

Chemical structure analysis. The chemical structure of corn
cobs and cellulose bers was analyzed using a Fourier Trans-
form Infrared Spectrometer (FTIR), NICOLET 6700-Therm
(USA). The samples were measured within the wavenumber
range of 400–4000 cm−1, with a resolution of 4 cm−1 and 64
scans.

Mechanical properties analysis of PLA/CMF biocomposites.
The mechanical properties of the fabricated biocomposite
materials were evaluated by measuring the tensile strength of
the biocomposites reinforced with different cellulose ber
contents. The measurements were performed using a SHI-
MADZU AGS-X testing machine. The tensile strength of the
materials was determined according to ASTM D638 standard,
with a testing speed of 5 mm min−1.

Rheological properties of PLA/CMF biocomposites. Rheo-
logical properties of PLA and PLA/CMF biocomposites were
studied by measuring shear viscosities at various shear rates
using Rheograph 20 rheometer (model RG 120) at 170 °C. Melt
ow index (MFI) of PLA and PLA/CMF biocomposites was
characterized using a melt ow indexer (Kayeness, 4004). All
measurements were conducted according to the standard of
ASTM D1238 at 170 °C with a load of 2.16 kg. The extrudate in
gram per 10 min was presented.
10350 | RSC Adv., 2026, 16, 10346–10362
Dimensional accuracy. The dimensional accuracy of the 3D-
printed specimens was evaluated based on the designed model.
The length, width, and thickness of the printed samples were
measured ve times using a digital caliper (MITUTOYO 500-
181-30, measuring range: 0–150 mm, resolution: 0.01 mm). The
dimensional deviation (%) was calculated using the following
eqn (4):26

Deviationð%Þ ¼ a� b

a
� 100 (4)

where a is the designed dimension and b is the actual dimen-
sion of the printed sample.

Statistical analysis. Analysis of variance (ANOVA) followed by
Tukey's post hoc test was performed using IBM SPSS Statistics
20 for Windows. All experiments were carried out in triplicate (n
= 3) and evaluated by one-way ANOVA at a 95% condence level,
where p-values < 0.05 were considered statistically signicant.

Results and discussion
Crystalline structure of corn cobs and extracted cellulose
bers

Effect of the raw material-to-chemical solution ratio. As
observed in Fig. 3 and Table 5, all samples exhibited diffraction
peaks at 18.5°, 22.5°, and 34.6° corresponding to the diffraction
planes 101, 002, and 040, which are characteristic of the crys-
talline structure of cellulose bers. This indicated that the HPK
treatment process did not destroy the chemical structure of
cellulose.27

Compared to the CC sample, all CMF-TL treated samples
exhibited higher crystallinity index, indicating that the HPK
treatment effectively removed amorphous components such as
hemicellulose, lignin, and non-cellulose compounds. Further-
more, as shown in Table 5, decreasing the ratio of raw material
hydrogen peroxide alkaline treated samples with different raw mate-
rial-to-chemical solution ratios (CMF-TL1, CMF-TL2, CMF-TL3).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Crystallinity index of the untreated corn cobs sample (CC)
and the hydrogen peroxide alkaline treated samples with different raw
material-to-chemical solution ratios (CMF-TL), calculated using
eqn (1) a

Sample Crystallinity index (%)

CC 35.42 � 1.40
CMF-TL1 39.03 � 0.98a

CMF-TL2 38.56 � 0.76a

CMF-TL3 38.93 � 1.02a

a a: Do not show statistically signicant differences among the samples.
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to chemical solution from 1/10 (wt/V) to 1/15 (wt/V) resulted in
a decrease in crystallinity index from 40.48 ± 0.52% to 38.56 ±

0.76%. When the ratio was changed from 1/15 (wt/V) to 1/20
(wt/V), a slight increase in crystallinity was observed. The
higher chemical volume contributed to the removal of impuri-
ties like hemicellulose, lignin, and other non-cellulosic
substances, however, it may also have slightly reduced the
cellulose crystallinity due to partial hydrolysis.28 Among the
investigated raw material-to-H2O2 solution ratios, the 1/10
(wt/V) ratio exhibited a higher crystallinity index than the 1/15
(wt/V) and 1/20 (wt/V) ratios, although the differences were
not statistically signicant, as shown by the ANOVA analysis in
Table S1 of the SI. Therefore, the 1/10 (wt/V) ratio was selected
for subsequent experiments to optimize the process efficiency.

Effect of reaction temperature. In the study of the effect of
reaction temperature on the crystallinity of cellulose bers
extracted from corn cobs, the reaction was conducted for 4
hours at an optimal raw material-to-chemical ratio of 1/10
(wt/V), with varying reaction temperatures: 50 °C (CMF-T1),
60 °C (CMF-T2), and 70 °C (CMF-T3).
Fig. 4 XRD patterns of the untreated corn cobs sample (CC) and the
hydrogen peroxide alkaline treated samples with different reaction
temperatures (CMF-T1, CMF-T2, CMF-T3).

© 2026 The Author(s). Published by the Royal Society of Chemistry
As observed from Fig. 4, the diffraction peaks remain char-
acteristic at 18.5°, 22.5°, and 34.6°, corresponding to the
diffraction planes 101, 002, and 040, respectively. Compared to
the CC sample, all CMF-T samples showed higher crystallinity
index.

Table 6 indicates that the sample treated at 50 °C has the
highest crystallinity index compared to other samples. From the
results in Fig. 4 and Table 6, it is evident that as the reaction
temperature increases from 50 °C to 70 °C, the crystallinity
index tends to decrease. In addition, ANOVA analysis showed
that the reaction temperature signicantly affected the crystal-
linity index of cellulose (P < 0.05), as presented in Table S2 of the
SI. This is because at higher reaction temperatures, hydrolysis
occurred, which may remove partially the crystalline regions,
leading to a reduction in the crystallinity of cellulose.

Since the CMF-T1 sample treated at 50 °C exhibited the
highest crystallinity index, it was selected as the optimal reac-
tion temperature for further investigation of subsequent reac-
tion condition parameter.

Effect of reaction time. In this experiment, the treatment
reaction was carried out at the optimal temperature of 50 °C and
an optimal raw material-to-chemical ratio of 1/10 (wt/V) for
reaction times of 3 hours (CMF-T1), 4 hours (CMF-T2), and 5
hours (CMF-T3).

From the results in Fig. 5 and Table 7, it is evident that aer
treatment, the crystallinity of the CMF-T samples increased
compared to the untreated CC sample. As can be seen from
Fig. 5 and Table 7, the sample treated for 4 hours (CMF-T2)
presented the highest crystallinity (40.48 ± 0.52%), indicating
that this reaction time was effective for removing the amor-
phous components, allowing cellulose molecules to reorganize
into a stable crystalline structure.29 Additionally, the CMF-T3
samples showed a slight decrease in crystallinity compared to
CMF-T2 sample, suggesting that too long treatment time may
adversely affect the crystallinity of cellulose upon HPK treat-
ment. Furthermore, ANOVA analysis indicated that the reaction
time signicantly affected the crystallinity index of the extracted
cellulose (P < 0.05), as shown in Table S3 of the SI. Therefore,
the optimal reaction time for obtaining the best cellulose crys-
tallinity is 4 hours.
Thermal stability of cellulose bers

Effect of the raw material-to-chemical ratio. From the ther-
mograms in Fig. 6a, it is observed that all samples exhibit three
main stages of degradation. The rst stage, between 60 °C and
Table 6 Crystallinity index of the CC and CMF-T samples, calculated
using eqn (1) a

Sample Crystallinity index (%)

CC 35.42 � 1.40
CMF-T1 39.03 � 0.98a

CMF-T2 35.42 � 1.26b

CMF-T3 35.18 � 0.53b

a a, b: Show statistically signicant differences among the samples.
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Fig. 5 XRD patterns of the untreated corn cobs sample (CC) and the
hydrogen peroxide alkaline treated samples with different reaction
times (CMF-T1, CMF-T2, CMF-T3).

Table 7 Crystallinity index of the CC and CMF-T samples, calculated
using eqn (1) a

Sample Crystallinity index (%)

CC 32.97 � 0.80
CMF-T1 31.95 � 0.58b

CMF-T2 39.03 � 0.98a

CMF-T3 31.44 � 1.03b

a a, b: Show statistically signicant differences among the samples.

Fig. 6 (a) TGA, and (b) dTG curves of the CC sample and the CMF-TL1,
CMF-TL2, and CMF-TL3 samples.

Fig. 7 (a) TGA, and (b) dTG curves of the CC sample and the CMF-T1,
CMF-T2, and CMF-T3 samples.

Fig. 8 (a) TGA, and (b) dTG curves of the CC sample and the CMF-T1,
CMF-T2, and CMF-T3 samples.
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120 °C, shows a slight mass loss of 5–8%, primarily due to the
evaporation of water content in the samples. The second stage,
occurring between 250 °C and 350 °C, corresponds to the
thermal degradation of hemicellulose and cellulose. The nal
stage, between 350 °C and 600 °C, is associated with the thermal
degradation of lignin component.30 The analysis results show
that the CMF-TL1, CMF-TL2, and CMF-TL3 samples all have
a higher onset degradation temperature compared to the CC
sample. This indicates that the HPK treatment was effective in
enhancing the thermal stability of the cellulose bers.
10352 | RSC Adv., 2026, 16, 10346–10362
Specically, the dTG curves at Fig. 6b show that the CMF-TL1
sample exhibits the highest decomposition temperature, indi-
cating the raw material-to-chemical ratio of 1/10 (wt/V) is
optimal for the treatment. The higher thermal degradation
temperatures observed in the CMF-TL samples compared to the
CC sample can be attributed to the removal of a portion of
hemicellulose and lignin aer chemical treatment.

These results show that the ratio of raw material to chemical
solution directly inuenced on the thermal stability of the
extracted cellulose bers. Specically, increasing the ratio from
1/10 (wt/V) to 1/20 (wt/V) resulted in a slight decrease in thermal
stability of the obtained cellulose bers.

Effect of reaction temperature. As observed from Fig. 7, the
HPK treatment affected the thermal stability of the samples.
Fig. 7 presents that the samples undergo multiple stages of
thermal degradation, particularly in the temperature range of
200 °C to 400 °C. This indicates the presence of several
components within the samples.

From the Fig. 7, it is evident that upon increasing the reac-
tion temperature from 50 to 70 °C, the thermal stability of
extracted cellulose bers tended to decrease. Compared to raw
corn cob sample, the obtained cellulose bers had higher
thermal stability. This result is ascribed to the effective removal
of amorphous and non-cellulosic components upon chemical
treatment.31 The cellulose bers extracted with reaction
temperature of 50 °C demonstrated the best thermal stability.

Effect of reaction time. Fig. 8 show the TGA and dTG curves
of the CC sample and cellulose bers extracted with different
times. As can be seen from Fig. 8 as reaction time increases
from 3 to 5 hours, the thermal stability of cellulose bers did
not change signicantly.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Additionally, as observed from Fig. 8, the extracted cellulose
bers indicated the higher thermal stability compared to the
raw CC sample. This conrms the effectiveness of the HPK
treatment in improving the thermal stability of cellulose
bers.32
Chemical structure of corn cobs and extracted cellulose bers

The FTIR spectra of raw corn cobs (CC) and cellulose bers
(CMF) was shown in Fig. 9. As observed, a broad band at
3400 cm−1 corresponding to the stretching vibrations of the –

OH groups appeared in the FTIR spectrum of both raw corn
cobs and cellulose bers. This peak is characteristic of hydroxyl-
containing compounds such as cellulose.33 Besides that, the
absorption peak at 2909 cm−1 attributed to the stretching
vibrations of C–H bonds in methyl, methylene, or methine
groups is presented in the FTIR spectrum of raw corn cobs and
extracted cellulose bers. The peak at 1043 cm−1 is associated
with the C–O–C bonds in the chemical structure of cellulose. As
shown in Fig. 9, both CC and CMF samples retain this charac-
teristic peak. These results indicate that aer chemical treat-
ment, the chemical structure of cellulose remained intact.

However, compared to the FTIR spectrum of raw corn cobs,
the FTIR spectrum of extracted cellulose ber revealed a slight
increase in the intensity of the peak at 3400 cm−1. This
demonstrates more free hydroxyl groups in the chemical
structure of treated sample. Notably, there was a clear reduction
in the intensity of the absorption peaks at 1732 cm−1 and
1510 cm−1 in the FTIR spectrum of cellulose ber compared to
that of raw corn cobs. These peaks are corresponded to the
stretching vibrations of C]O and C]C (aromatic rings) bond,
respectively. These bonds present in the chemical structure of
hemicellulose and lignin component. This result indicates that
Fig. 9 FTIR spectra of the untreated corn cobs sample (CC) and the
hydrogen peroxide alkaline treated sample (CMF).

© 2026 The Author(s). Published by the Royal Society of Chemistry
the non-cellulosic components such as hemicellulose and
lignin were effectively removed upon the HPK treatment.34
Surface morphology of corn cobs and extracted cellulose
bers

Fig. 10 presented scanning electron microscopy (SEM) images
of the untreated corn cob (CC) and the corn cob aer HPK
treatment (CMF). As shown in Fig. 10a, the untreated corn cob
sample exhibited a rough and heterogeneous surface
morphology, characterized by a layered structure in which
cellulose bers were tightly bound to amorphous components,
mainly lignin and hemicellulose.32,35 This structural feature was
typical of untreated agricultural waste.36 In contrast, the corn
cob sample aer HPK treatment exhibited pronounced
morphological changes (Fig. 10b). The original layered struc-
ture was disrupted, and internal cellulose cavities became
evident.31 These changes were attributed to the effective
removal of hemicellulose and lignin from the surface layers of
the biomass, resulting in a smoother and more homogeneous
surface.37 This observation was consistent with previous studies
reporting surface disruption and ber exposure in corn cob and
corn stalk residues aer hydrogen peroxide-alkaline
treatment.38

Cellulose recovery yield. The recovery yield of cellulose
extracted under the optimal conditions (solid-to-liquid ratio of
1/10 wt/V, 50 °C, and 4 h), as calculated according to eqn (3), was
68.82 ± 3.92%.
Chemical structure of cellulose bers aer chemically
modifying with RBO

The results in Fig. 11 showed that both FTIR spectra of CMF,
and CMF/RBO exhibited characteristic peaks at 3400, 2909,
1370, 1043, and 897 cm−1, corresponding to the structural
groups of cellulose.39 This conrmed that upon chemical
modication treatment, the chemical structure of cellulose was
intact. The broad band observed at 3400 cm−1 indicated
a reduction in the number of hydroxyl (–OH) groups, suggesting
that esterication occurred with the acyl groups of RBO in the
CMF/RBO sample.29 The absorption peaks in the region of
2800–3100 cm−1, corresponding to the alkyl groups (2853 and
2924 cm−1) and acyl groups (3006 cm−1), signicantly increased
in the RBO-CMF sample. Additionally, compared to the FTIR
spectrum of CMF sample, the FTIR spectrum of RBO-CMF
sample presented the appearance of a new sharp peak at
Fig. 10 SEM images of (a) raw corn cobs sample (CC) and (b) hydrogen
peroxide-alkaline treated sample (CMF).
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Fig. 11 FTIR spectra of cellulose fibers (CMF), chemically modified
cellulose fibers (CMF/RBO), and chemically modified cellulose fibers
after washing (CMF/RBO/W).

Fig. 12 EDS elemental mapping images of (a) cellulose fibers, (b)
cellulose fibers after modification, and (c) modified cellulose fibers
after washing.
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1740 cm−1, characteristic of the C]O bond in the carbonyl
group of esters. In addition, the FTIR spectrum of the cellulose
sample aer modication with RBO and subsequent washing
three times with ethanol solution and ve times with distilled
water (CMF/RBO/W) exhibited absorption bands similar to
those of the CMF/RBO sample. However, the absorption inten-
sity of the peak at 1740 cm−1 in the CMF/RBO/W sample was
lower than that of the CMF/RBO sample. This behavior was
attributed to the washing process, which removed excess RBO
that did not participate in the reaction. These results conrmed
that the chemical modication treatment of cellulose bers
using RBO took place successfully. The reaction mechanism
between cellulose bers and Rice Bran Oil (RBO) was illustrated
in Fig. S2 of the SI.
Fig. 13 SEM images of the fractured surfaces of the biocomposites
after mechanical testing: (a) PLA; (b) PLA/RBO biocomposite; (c) PLA/
CMF biocomposite.
Energy dispersive X-ray spectroscopy (EDS)

Surface elemental mapping analysis based on EDS of unmodi-
ed cellulose bers, rice bran oil (RBO)-modied cellulose
bers, and RBO-modied cellulose bers aer water washing is
presented in Fig. 12. The analysis results showed that the
carbon content of the RBO-modied cellulose bers (69.8%)
increased markedly compared to that of the unmodied cellu-
lose bers (49.9%), while the oxygen content exhibited
a decreasing trend. This change indicated that surface modi-
cation with rice bran oil enriched the carbon content on the
cellulose ber surface and simultaneously reduced oxygen-
containing functional groups. This phenomenon could be
explained by an esterication reaction occurring between the
10354 | RSC Adv., 2026, 16, 10346–10362
hydroxyl groups of cellulose and the carboxyl groups present in
rice bran oil, leading to the formation of ester linkages on the
surface of the cellulose bers. In addition, the RBO-modied
cellulose bers aer water washing exhibited a relatively lower
carbon content (56.9%) than that of the modied cellulose
bers prior to washing, but still higher than that of the
unmodied cellulose bers. This result could be attributed to
repeated water washing, which removed unreacted rice bran oil
coated on the surface of the cellulose bers. These results
conrmed that the surface modication of cellulose bers with
rice bran oil was successfully achieved.

Physicochemical properties of biocomposites based on PLA
and cellulose bers extracted from corn cobs

Surface morphology. The surface morphology of pristine
PLA, biocomposites based on PLA and unmodied cellulose
bers (PLA/CMF), and biocomposites between PLA and RBO-
modied cellulose bers (PLA/RBO) were shown in Fig. 13. As
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 XRD patterns of the PLA and PLA/RBO biocomposite with
different fiber contents (1,5, and 10 wt%).
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observed from Fig. 13, the fractured surface of the PLA sample
aer mechanical testing shows a smooth texture. Besides that,
all three samples exhibit grooves on their surfaces. Interest-
ingly, the PLA/RBO sample reveals an unclear surface with
unevenly distributed grooves. These grooves were formed due to
the tensile forces applied during the mechanical testing
process.31

Fig. 13c indicates that the micro-sized cellulose ber
agglomerations are presented with respect to PLA/CMF
composite. This demonstrates the poor dispersion of unmodi-
ed cellulose bers within the PLA matrix. This can be attrib-
uted to the incompatibility between hydrophilic cellulose bers
and hydrophobic PLA matrix. When the modied cellulose
bers were incorporated into the PLA matrix, an improvement
in ber dispersion within the PLA matrix was observed
(Fig. 13b). Fiber agglomerations was signicantly reduced,
indicating better interfacial interaction between cellulose bers
and the PLA matrix.40

These results demonstrate that surface modication of
cellulose bers is essential for improving the compatibility
between the cellulose bers and PLA matrix.41 The ndings
suggest that chemical modication treatment using RBO
effectively reduced the polarity of cellulose bers, facilitating
their dispersion and adhesion within the PLA matrix.25

Crystalline structure of PLA and biocomposites. Fig. 14 and
15 shows the XRD patterns of pristine PLA, PLA/CMF, and PLA/
RBO composites with different ber contents. Pristine PLA
exhibits four diffraction peaks at 16.40°, 18.88°, and 28.30°,
corresponding to characteristic crystalline structures of PLA,
which contains mainly amorphous structures.42 Compared to
those of pristine PLA, the XRD patterns of the PLA/CMF and
PLA/RBO biocomposites show no new diffraction peaks.
Therefore, the addition of 1–10 wt% of unmodied or
Fig. 14 XRD patterns of the PLA, PLA/CMF biocomposite with
different fiber contents (1,5, and 10 wt%).

© 2026 The Author(s). Published by the Royal Society of Chemistry
chemically modied cellulose bers did not change signi-
cantly the crystalline structures of PLA.43

As can be seen from the Fig. 14 and Table 8, when the
cellulose ber content increased from 1 wt% to 10 wt%, the
crystallinity index of the PLA/CMF biocomposites signicantly
decreased. This can be explained by the uneven dispersion of
non-modied cellulose bers in the PLA matrix, and the addi-
tion of too much non-modied cellulose bers into the PLA
matrix causing severe ber agglomerations. These agglomera-
tions act as obstacles, preventing the movement and arrange-
ment of PLA chains. As a result, the crystallinity index of the
biocomposites decreased signicantly, leading to a reduction in
mechanical strength.44

Furthermore, as observed from Fig. 15 and Table 8, the
crystallinity index of PLA/RBO biocomposites was found to be
higher than that of PLA/CMF biocomposites, especially for bi-
ocomposites with relatively low ber contents (1 and 5 wt%).
The PLA/RBO1 showed the highest crystallinity index of 26.2%,
suggesting that the addition of 1 wt% cellulose bers treated
with RBO enhanced the crystallinity index of the biocomposite.
Table 8 Crystallinity index of PLA and PLA/CMF biocomposites with
different fiber contents calculated using eqn (2)

Sample Crystallinity index (%)

PLA 23.7
PLA/RBO1 26.2
PLA/CMF1 24.8
PLA/RBO5 25.3
PLA/CMF5 16.2
PLA/RBO10 14.2
PLA/CMF10 14.1

RSC Adv., 2026, 16, 10346–10362 | 10355
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These results highlight the positive impact of surface
modication of cellulose bers on improving ber-matrix
interactions and promoting crystalline alignment.45 Interest-
ingly, as the ber content increased to 5 wt% and 10 wt%, the
CrI values decreased signicantly for both biocomposites.
These results indicate that higher ber content potentially
disrupts the crystalline order of the PLA matrix.

These ndings suggest that while the incorporation of
cellulose bers, particularly those modied with RBO, can
enhance the crystallinity of PLA biocomposites at low ber
content, excessive ber loading negatively impacted crystallinity
due to agglomeration and decreased compatibility.

From Fig. 16 and Table 8, it is shown that the addition of
1 wt% cellulose ber to the PLA matrix increased the crystal-
linity index of the biocomposite compared to PLA. Notably,
when 1 wt% of modied cellulose bers were added to the PLA
matrix, the crystallinity index of the biocomposite was
enhanced more effectively than with 1 wt% of unmodied
cellulose bers. This indicates that the chemical modication
process improved the interaction between cellulose bers and
the PLA matrix. These ndings emphasize the importance of
cellulose ber content and the modication process in
enhancing the crystallinity index of the biocomposites.46

Thermal properties of PLA/CMF biocomposites. Despite
some favorable characteristics such as biodegradability and
relatively high mechanical properties, PLA exhibits certain
limitations, most notably a slow crystallization rate and a rela-
tively low degree of crystallinity.47 This sluggish crystallization
behavior poses challenges in industrial processing. In this
study, cellulose bers were used as nucleating agents to
improve the crystallization kinetics of the PLA matrix.

The non-isothermal crystallization behavior of PLA and bi-
ocomposites prepared by combining with 1 wt% unmodied
cellulose ber (PLA/CMF1) and 1 wt% RBO-modied cellulose
ber (PLA/RBO1) were investigated by DSC technique. DSC
thermograms of PLA and biocomposites during the cooling
Fig. 16 XRD patterns of PLA, PLA/CMF1, and PLA/RBO1 samples.

10356 | RSC Adv., 2026, 16, 10346–10362
scan cycle are presented in Fig. 17. As observed from Fig. 17,
both PLA and PLA/CMF1 biocomposite did not show any melt
crystallization peak upon cooling. Conversely, the melt crystal-
lization peak (at around 98 °C) was observed for the PLA/RBO1
biocomposite material. This indicates that with addition of
1 wt% RBO-modied cellulose ber helped induce the melt
crystallization of PLA upon cooling. It is believed that RBO-
modied cellulose ber had good interfacial adhesion with
PLA matrix. The well dispersed cellulose bers within PLA
matrix, acting as heterogeneous nucleating agents inducing the
lower energy barrier required for the formation of crystal nuclei.
This allows the melt crystallization upon cooling of PLA to take
place.48 This result is consistent with SEM result mentioned.

DSC thermograms of PLA and its biocomposites during the
second heating scan are shown in Fig. 18. It was found that the
cold crystallization temperature (the exothermic peaks at 99–
102 °C) of the PLA/CMF1 biocomposite did not indicate any
signicant difference compared to that of PLA. This demon-
strates that the addition of unmodied cellulose ber into PLA
matrix did not cause any change in crystallization rate of PLA. It
is due to the incompatibility between relative polar cellulose
bers and nonpolar PLA matrix, leading to poor dispersion of
bers in PLA matrix. As a result, the unmodied cellulose bers
exhibited limited efficacy as nucleating agents and did not
signicantly enhance the crystallization rate of PLA. However,
as observed from Fig. 18, the PLA/RBO1 biocomposite indicated
a lower cold crystallization temperature compared to PLA and
PLA/CMF1 biocomposite. This indicates that the addition of
RBO-modied cellulose ber induced the improvement in the
crystallization rate of PLA. This result can be explained that the
RBO-modied cellulose ber dispersed well in PLA matrix
allows the heterogeneous nucleation mechanism to occur. This
induces a decrease of the free energy barrier and fastens the
crystallization rate of PLA.49 Besides that, it was found that the
cold crystallization peak became broader for PLA/RBO1 bi-
ocomposite (Fig. 18).

Moreover, it can be seen from Fig. 18 that, with the addition
of cellulose bers, the glass transition temperatures (Tg) (the
small endothermic peaks at around 55 °C) of PLA/CMF1 and
Fig. 17 DSC thermograms of PLA, PLA/CMF1, and PLA/RBO1 bi-
ocomposites (cooling cycle).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 DSC thermograms of PLA, PLA/CMF1, and PLA/RBO1 bi-
ocomposites (second heating cycle).
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PLA/RBO1 biocomposites are slightly higher than that of PLA.
This shi can be explained by the restriction of chain mobility
with the presence of cellulose bers.50 Additionally, the RBO
surface chemical modication of cellulose ber was found to
cause a slight decrease of the glass transition temperature in the
case of PLA/RBO1 biocomposite.

Fig. 18 also shows that there are two melting temperatures
(Tm1

(145 °C) and Tm2
(155 °C)) for both PLA and biocomposites.

The lower melting temperature (Tm1
) is attributed to the melting

of crystals formed during the cooling process from the melt,
whereas the higher melting temperature (Tm2

) corresponds to
the melting of more perfect crystals generated via cold crystal-
lization upon subsequent heating.51 As observed from Fig. 18,
the melting temperatures (Tm1

and Tm2
) of PLA/CMF1 and PLA/

RBO1 biocomposites did not show any signicant difference
compared to those of PLA.

Mechanical properties. It can be observed from Fig. 19 and
20 that the tensile strength of the PLA/RBO1 composite
increased by approximately 2.38% compared to neat PLA, while
Fig. 19 Stress–strain curves of PLA, PLA/RBO samples with different
fiber loadings.

© 2026 The Author(s). Published by the Royal Society of Chemistry
the elongation at break and Young's modulus exhibited similar
trends, increasing by 5.20% and 8.94%, respectively. These
results indicated that the incorporation of 1 wt% surface-
modied cellulose bers enhanced interfacial interactions
and ber dispersion within the PLA matrix, thereby improving
the overall mechanical performance of the biocomposite. In
contrast, when the cellulose ber content was increased from
5 wt% to 10 wt%, the PLA/RBO5 and PLA/RBO10 composites
exhibited simultaneous reductions in tensile strength, elonga-
tion at break, and Young's modulus. This behavior was attrib-
uted to the excessive ber loading, which restricts the mobility
of PLA molecular chains and promotes ber agglomeration,
resulting in a non-homogeneous composite structure.52 Overall,
these ndings demonstrated that an optimal cellulose ber
content of 1 wt% played a critical role in ensuring effective
dispersion of surface-modied cellulose bers within the PLA
matrix, thereby maximizing the mechanical reinforcement
efficiency of the composites.

From Fig. 21 and 22, it can be observed that the Young's
modulus, tensile strength, and elongation at break of the PLA/
CMF composites were all lower than those of neat PLA, indi-
cating that the incorporation of unmodied cellulose bers
adversely affected the mechanical properties of the compos-
ites.53 Specically, when the cellulose ber content increased
from 1 wt% to 10 wt%, the elongation at break decreased
markedly from 1.73 ± 0.16% to 0.99 ± 0.04%, reecting a clear
brittleness tendency of the material (Fig. 22b). This behavior
can be attributed to the inherently rigid nature of cellulose
bers, combined with poor interfacial interactions, which lead
to the formation of stress concentration points and non-
uniform ber dispersion within the PLA matrix, thereby
creating structurally weak regions in the composite.54–56 Mean-
while, the results in Fig. 22a showed that the tensile strength of
PLA/CMF1, PLA/CMF5, and PLA/CMF10 decreased by approxi-
mately 49.1%, 37.4%, and 56.3%, respectively, compared to
neat PLA, conrming that the insufficient interaction between
Fig. 20 (a) Tensile strength; (b) elongation at break; and (c) Young's
Modulus of PLA and PLA/RBO1, PLA/RBO5, PLA/RBO10
biocomposites.
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Fig. 21 Stress–strain curves of PLA, PLA/CMF samples with different
fiber contents.

Fig. 22 (a) Tensile strength; (b) elongation at break; and (c) Young's
modulus of PLA, PLA/CMF1, PLA/CMF5, and PLA/CMF10
biocomposites.

Fig. 23 Stress–strain curves of PLA, PLA/RBO1 and PLA/CMF1
samples.

Fig. 24 Comparison of the mechanical properties of PLA, PLA/RBO1,
and PLA/CMF1 biocomposites: (a) tensile strength; (b) elongation at
break; and (c) Young's modulus.
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cellulose bers and the PLA matrix hindered effective stress
transfer, and thus diminished the reinforcing role of the
cellulose ber.53

Based on the previous results, we selected the biocomposites
with an optimal ber content of 1 wt% for comparison with neat
PLA. As shown in Fig. 23 and 24, the biocomposite containing
1 wt% surface-modied cellulose bers exhibited higher tensile
strength, elongation at break, and Young's modulus than both
neat PLA and the composite reinforced with unmodied cellu-
lose bers. In contrast, the biocomposite containing unmodi-
ed cellulose bers showed inferior mechanical properties,
even lower than those of neat PLA. This pronounced difference
demonstrated that cellulose surface modication played
a decisive role in improving ber–matrix compatibility, thereby
enhancing stress transfer efficiency and suppressing premature
failure. These ndings clearly conrmed that the cellulose
10358 | RSC Adv., 2026, 16, 10346–10362
modication process was essential for achieving effective
mechanical reinforcement in PLA-based biocomposites.54,57

Table S4 of the SI summarizes the mechanical properties of
biocomposite samples at different cellulose contents.

Rheological properties. Understanding the rheological
properties of PLA/cellulose bers biocomposites is vital for
successful 3D printing. By optimizing these properties, it is
possible to fabricate high-quality 3D products using PLA/
cellulose bers biocomposites as 3D laments with enhanced
mechanical performance. As reported from previous
studies,58–61 cellulose bers, especially at higher loadings, ten-
ded to increase the melt viscosity of the biocomposites. This is
due to the high surface area of the bers and their tendency to
form networks, hindering polymer chain mobility. The higher
viscosity of PLA/cellulose ber biocomposites affects layer
adhesion, as the material may not ow and bond effectively.
However, a certain level of viscosity of PLA/cellulose ber
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 25 Flow curves of PLA and PLA/RBO1 biocomposites.

Table 9 MFI values of PLA and PLA/RBO1 biocomposites at 170 °C

Sample MFI (g/10 m)

PLA 2.72 � 0.05
PLA/RBO1 biocomposite 2.58 � 0.03

Fig. 26 3D printing process using the LulzBot Mini 2 3D printer.
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biocomposites is necessary to maintain lament shape and
prevent sagging during 3D printing. Therefore, the determina-
tion of rheological properties of fabricated PLA/RBO1 bi-
ocomposites plays crucial role with regard to ability of using
this material as environmentally friendly 3D printing material.

Flow curves of PLA and PLA/RBO1 biocomposites with
cellulose ber content of 1 wt% were shown in Fig. 25. It
revealed that viscosity at all shear rate ranges of PLA/RBO1 bi-
ocomposite was higher than that of PLA. This is attributed to
the lower molecular chain mobility of PLA due to the presence
of cellulose bers. Cellulose bers served as physical cross-
linking points. As a result, the higher viscosity of PLA/RBO1
biocomposites was obtained. This result is in good agreement
with MFI result as presented in Table 9. PLA/RBO1 bi-
ocomposites showed lower MFI than PLA, indicating the higher
viscosity. These results indicate that aer chemical modica-
tion, the interfacial adhesion between cellulose bers and PLA
matrix was improved, which led to lowering the PLA chain
exibility and higher shear viscosity of PLA/RBO1 bi-
ocomposites compared to that of PLA at all measured shear
rates. In addition, the rheological properties of the bi-
ocomposites reinforced with different cellulose contents are
presented in Fig. S3 of the SI.
Evaluation of the applicability of PLA/CMF biocomposite as
3D printing material using fused deposition modelling
technology

The PLA/RBO1 biocomposite was used to fabricate laments
with a diameter of 1.72 ± 0.06 mm and was subsequently
© 2026 The Author(s). Published by the Royal Society of Chemistry
employed as a 3D printing material. The parameters and
procedural steps of the 3D printing process were presented in
Table S5 and Fig. 26, respectively.
Dimensional accuracy

The dimensional accuracy of the 3D-printed specimens was
evaluated based on the thickness, width at the gauge length
region, and overall length of the samples, in accordance with
ASTM D638 Type IV. The design drawing following the ASTM
D638 Type IV standard was presented in Fig. S4. In fused
deposition modeling (FDM) 3D printing, the actual dimensions
of printed parts oen deviated from the original design
dimensions due to thermal shrinkage and process-related
factors. According to previous studies, the dimensional devia-
tion of FDM-printed samples typically ranged from 0.1 to 1.4%,
corresponding to the shrinkage behavior of thermoplastic
polymers during printing and cooling.26 The average dimen-
sions and dimensional deviations of the 3D-printed samples
were summarized in Table 10. The results showed that both
material systems exhibited dimensional deviations below 3%.
For the width and thickness dimensions, the neat PLA samples
exhibited larger dimensional deviations than the PLA/RBO1
samples. This behavior was attributed to the reinforcement
effect of cellulose microbers modied with rice bran oil, which
reduced the mobility of PLA chains, thereby limiting lament
spreading aer extrusion and stabilizing the molten ow during
printing.62 In addition, the presence of cellulose acted as
physical crosslinking points within the polymer matrix,
increasing the viscosity and stiffness of the PLA/RBO1 system
compared with neat PLA. This effect contributed to reduced
thermal shrinkage and improved dimensional accuracy of the
printed samples.63 For the specimen length, the results indi-
cated that neat PLA exhibited a smaller length deviation than
PLA/RBO1. This behavior was attributed to the lower melt
viscosity of neat PLA, which led to stronger polymer chain
orientation along the printing direction. In contrast, the
RSC Adv., 2026, 16, 10346–10362 | 10359

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09705c


Table 10 Mean dimensions and dimensional deviations of the 3D-printed specimens

Sample Width (mm) Deviation (%) Length (mm) Deviation (%) Thickness (mm) Deviation (%)

PLA 5.90 � 0.01 1.67 114.86 � 0.13 0.12 3.11 � 0.06 2.88
PLA/RBO1 biocomposite 5.94 � 0.11 0.97 114.59 � 0.11 0.36 3.19 � 0.02 0.31
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presence of CMF restricted chain orientation, resulting in more
uniform shrinkage in different directions and improved overall
geometric stability of the composite material. However,
dimensional accuracy in FDM printing depended on multiple
processing parameters; therefore, a more in-depth discussion of
this issue is required.

In addition, a preliminary evaluation of the mechanical
properties of the 3D-printed samples was presented in Fig. S5 of
the SI.
Limitations and future development

Limitations. Although biocomposite materials based on
poly(lactic acid) (PLA) and cellulose bers derived from agri-
cultural waste corn cobs have demonstrated potential as envi-
ronmentally friendly materials for 3D printing applications, this
study still exhibits several limitations that should be addressed
in future research. First, the chemical extraction process used to
obtain cellulose microbers consumes a large amount of
chemicals and requires extensive water usage during the
washing steps to remove residual reagents, resulting in signif-
icant water and energy consumption. Second, the reinforcing
efficiency as well as the maximum loading content of cellulose
microbers in the PLA matrix remain relatively low, thereby
limiting the extent of mechanical property enhancement of the
biocomposite.

Furthermore, the interfacial interactions between rice bran
oil (RBO)-modied cellulose microbers and the PLA matrix
have only been qualitatively evaluated based on SEM, FTIR, and
XRD analyses, while quantitative assessments of interfacial
adhesion have not yet been conducted. In addition, a life cycle
assessment (LCA) of the fabricated biocomposite has not been
performed, although this analysis is essential for evaluating its
practical applicability and sustainability. Finally, although the
feasibility of the biocomposite as a 3D printing material for
fused deposition modeling (FDM) technology has been
demonstrated, key printing parameters—such as dimensional
accuracy, interlayer adhesion, and the mechanical properties of
the nal printed parts-have not yet been systematically
investigated.

Future development. Future research on bio-based
composite laments derived from poly(lactic acid) (PLA) and
cellulose microbers obtained from agricultural waste should
place greater emphasis on industrial scalability and practical
implementation. First, cellulose extraction processes should be
further optimized toward greener, low-energy, and scalable
approaches. Alternative pretreatment methods, such as enzy-
matic treatment, deep eutectic solvents, or hybrid mechanical–
chemical processes, may be explored to reduce chemical
10360 | RSC Adv., 2026, 16, 10346–10362
consumption, processing time, and environmental impact
while maintaining sufficient ber quality for effective rein-
forcement in lament production. In addition, other agricul-
tural waste resources should be investigated to further mitigate
agricultural waste generation in Vietnam.

Moreover, systematic studies on surface modication strat-
egies for cellulose microbers are required to reduce hydro-
philicity, enhance dispersion, and improve interfacial
compatibility with the PLA matrix. Beyond rice bran oil (RBO),
other bio-based modication agents or compatibilizers may be
examined to enhance mechanical performance without
compromising processability or the quality of printed parts.

Subsequent investigations should also focus on elucidating
the relationships among lament extrusion parameters, FDM
printing conditions, and the resulting microstructure and
mechanical anisotropy of printed components. The integration
of rheological modeling with real-time process monitoring may
provide deeper insights into melt-ow behavior and interlayer
bonding mechanisms, thereby enabling the development of
optimized printing protocols for bio-composite materials.

In addition to tensile properties, mechanical characteriza-
tion should be extended to include exural strength, impact
resistance, and environmental aging behavior under exposure
to humidity, heat, and UV radiation in order to assess material
suitability for real-world applications. Concurrently, studies on
controlled biodegradation under different environmental
conditions would yield critical information regarding the end-
of-life phase of the printed products.

Finally, life cycle assessment (LCA), recyclability, and inte-
gration into circular economy models should be emphasized to
clarify the feasibility of reprocessing and reusing printed PLA/
cellulose components. Collectively, these research directions
will facilitate the transition of bio-based composite materials
from laboratory-scale development to environmentally
sustainable commercial 3D-printing applications.
Conclusions

The ndings of this study have demonstrated the potential of
cellulose bers extracted from corn cobs – an agricultural waste
source for fabricating sustainable biocomposite materials using
biodegradable poly(lactic acid) as the matrix. The extraction
process employed optimal conditions and environmentally
friendly extractionmethods, using non-toxic chemicals. The use
of H2O2 and NaOH was highly effective in removing impurities
while preserving the structure and characteristic properties of
cellulose bers. Besides that, H2O2 also functioned as
a bleaching agent, effectively removed most of the hemi-
cellulose and lignin components from the ber structure.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Additionally, the surface chemical modication of cellulose
bers using rice bran oil (RBO) signicantly improved the
compatibility between the cellulose bers and the PLA matrix.
This chemical modication reduced the polarity of the cellulose
bers without harming the environment due to using an envi-
ronmentally friendly organic acid RBO. The results of FTIR,
XRD, SEM, TGA, DSC analyses in combination with rheological
andmechanical characterizations provided critical insights into
the structure and physicochemical properties of the fabricated
biocomposites based on cellulose bers and poly(lactic acid),
particularly its enhanced crystallinity and mechanical
performance.

With a cellulose ber content of 1 wt%, the biocomposites
obtained optimal mechanical properties with improved tensile
strength, elongation at break, and elastic modulus. The 3D
printing process by FDM method using the lament fabricated
from PLA and cellulose bers extracted from corn cobs agri-
cultural waste demonstrated its feasibility for application as 3D
printing material. The successful development of bi-
ocomposites from renewable resources not only paves the way
for the production of biodegradable products but also
addresses environmental challenges, aligning with the goal of
sustainable development of Vietnam in the future.
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