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Abstract: To improve the mechanical properties of ultra-high molecular weight polypropylene (UHMWPP) without
compromising its low density, cellulose nanofibers (CNFs) were surface modified with octadecyl isocyanate (ODI) and
vinyl ester (VE), followed by compounding with UHMWPP. Since cellulose contains hydrophilic hydroxyl groups, it is
inherently incompatible with hydrophobic polymer matrices. To address this, ODI introduced hydrophobic long alkyl
chains via urethane bond formation with hydroxyl groups, whereas VE was incorporated through an esterification reac-
tion to replace surface hydroxyl groups and render the surface hydrophobic. These modifications were confirmed using
Fourier-transform infrared (FTIR) spectroscopy. The modified CNFs (m-CNFs) were processed into fine powders with
uniform particle sizes in the micrometer range via spray drying. The hydrophobic nature of m-CNFs was further verified
by contact angle measurements and solvent dispersion tests. Scanning electron microscopy (SEM) revealed the distri-
bution of m-CNFs in the UHMWPP matrix. The composites were fabricated using a twin-screw extruder, and their tensile
properties were evaluated using a universal testing machine. The incorporation of m-CNFs significantly enhanced the
mechanical performance of the UHMWPP composites, particularly by improving ductility while maintaing tensile

strength.
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efficiency are recognized as critical areas within the domain of
eco-friendly convergent materials technology.'> A representa-
tive example is the development of composite materials that
replace aluminum components, offering superior impact resis-
tance and low specific gravity for automotive interior and exte-
rior parts. While various polymer materials have been developed
to reduce weight compared to traditional metals like steel or
magnesium, these materials often suffer from lower stiffness,
making the development of high-durability composite materi-
als a key challenge.

Ultra-high molecular weight polypropylene (UHMWPP), a
polypropylene-based material with significantly increased molec-
ular weight and melt viscosity, has emerged as an innovative
alternative due to its excellent mechanical durability, thermal
resistance, and processability, classifying it as a general-purpose
engineering plastic.*” The incorporation of UHMWPP into resin
or rubber matrices has been shown to enhance lubricity, wear
resistance, impact strength, and chemical stability, making it attrac-
tive for automotive applications such as cowl crossbeams, crash
pads, and door inner panels. However, a major drawback remains-
UHMWPP exhibits a higher specific gravity than conventional
polypropylene, limiting its use in lightweight applications.

To overcome this limitation, this study explores the com-
plexation of UHMWPP with nanocellulose, an emerging eco-
friendly material. Cellulose, which can be abundantly derived
from plants or wood, is a sustainable resource known for its low
density and crystalline structure, offering strength more than
eight times greater than that of stainless steel. Leveraging the
superior mechanical and chemical properties of cellulose pro-
vides a pathway to enhance the performance of UHMWPP and
develop environmentally friendly composite materials. Fur-
thermore, this cellulose-reinforced composite can potentially
replace conventional glass fibers and inorganic fillers used in
commercial polymer composites.

While cellulose demonstrates excellent mechanical reinforce-
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ment when blended with hydrophilic polymers due to hydro-
gen bonding, its combination with hydrophobic polymers often
results in poor compatibility caused by repulsive interactions
stemming from its surface hydroxyl groups.'®'¢ To resolve this
incompatibility, surface modification of cellulose is essential to
increase hydrophobicity and enable successful integration with
hydrophobic matrices like UHMWPP.

Numerous strategies have been proposed for this purpose.
For instance, Bulota ef al. investigated cellulose acetylation,
while Mendez et al. employed maleic anhydride-grafted poly-
propylene.'” Demir et al. enhanced interfacial adhesion
using silane coupling agents, and Ferreira et al. first synthesized
nanocellulose with isocyanate groups before blending with
polybutylene adipate terephthalate.**” Sunet et al. further
accelerated the cellulose esterification reaction using alkaline
catalysts such as NaOH and KOH.** Various techniques-
including esterification with monohydric alcohols, plasma
treatment, and the introduction of organic functional groups
-have been employed to improve the hydrophobicity of cellu-
lose and its dispersion within polymer matrices.’'**

This study introduces two distinct surface modification strat-
egies: (1) the introduction of terminal hydrophobic groups via
urethane bonding between the hydroxyl groups on cellulose
and the isocyanate groups (-NCO) of mono-isocyanate ODI;
and (2) cellulose surface modification via esterification using
vinyl functional groups. The research focuses on developing and
evaluating UHMWPP composites incorporating these modified
CNFs. Furthermore, comparative analyses were conducted to
assess how the chain length of the modifiers, thermal cross-
linking potential of ester groups, and the presence of vinyl ver-
sus methyl substitutions influence mechanical performance.
The role of the presence or absence of double bonds was also
investigated. Finally, the degree of surface modification is
quantitatively and qualitatively evaluated through water contact
angle measurements and dispersion analysis.
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Scheme 1. Reaction schemes for cellulose modification: (a) urethane bonding of ODI with CNF; (b) transesterification of vinyl esters in

DMSO.
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Experimental

Materials. Ultra-high molecular weight polypropylene (UHM-
WPP, M,=1000000 g/mol; Korea Petrochemical Ind. Co., Ltd.,
Seoul, Korea) and cellulose nanofiber (CNF, M,=162.14 g/mol;
Borregaard Co. Ltd., Hjalmar Wessels vei 6, Sarpsborg, Norway)
were used as composite materials. Octadecyl isocyanate (ODI,
M, =295.50 g/mol; Tokyo Chemical Industry Co., Ltd., Tokyo,
Japan) and vinyl ester (VE, M, = 86.09 g/mol; Junsei Chemical
Co., Ltd., Tokyo, Japan) were used as modifiers.

Dimethyl sulfoxide (DMSO, M, = 78.13 g/mol; Daejung Co.,
Ltd., Siheung, Korea) was used as the solvent to prepare m-
CNF. Deionized water, ethanol, and acetone were used as puri-
fying agents to remove any residual reactants. For the surface
modification of VE-CNF, sodium hydroxide (NaOH, M, =40
g/mol; Merck KGaA, Darmstadt, Germany) was used as a cat-
alyst to activate the hydroxyl groups in cellulose.

Filter paper with pore diameters ranging from 5 to 8 um
was used to obtain m-CNF. A field emission scanning electron
microscope (FE-SEM, SUPRA 25, Carl Zeiss AG, Oberkochen,
Germany) and contact angle (CA, Phoenix300, Suwon, Korea)
measurements were employed to observe the morphology and
confirm the hydrophobic properties of m-CNF.***

Characterization. Fourier transform infrared (FTIR,Spectrum
two, Perkin Elmer, Waltham, MA, USA) spectroscopy was used
to analyze functional groups, including hydroxyl (-OH), isocyanate
(-NCO), and carbonyl (-C=0) groups, during the synthesis of
ODI- and VE-modified CNF. The spectra were measured in
the range of 500 to 4000 cm™. For the powdering process, the
particle size of the modified cellulose was minimized using
spray drying. The tensile strength of the composites was evaluated
using a universal testing machine (UTM, LS Series, AMETEK,
Inc., Berwyn, IL, USA), with specimens prepared according to
ASTM D638. The surface morphology of the cellulose and
UHMWPP composite specimens was analyzed using a scanning
electron microscope (SEM).

Synthesis of Modified Cellulose Fibers. Scheme 1 illus-
trates the synthesis of cellulose nanofibers modified with ODI
and VE. A total of 400 g of paste-like cellulose nanofibers (10
wt% solid content) was added to a 5 L three-neck flask and
dispersed in 1200 mL of DMSO by stirring at room tempera-
ture. After 2 h of stirring, the cellulose was fully dispersed into
fibrous form, and the temperature was raised to 120 C for 3 h
to remove residual moisture in the paste-type cellulose. The
drying process was monitored by observing the change in the
hydroxyl (-OH) peak at 3300 cm™ using FTIR; once no further
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change was detected, the flask temperature was lowered to
60 C. CNF and ODI were then reacted at a molar ratio of 1:3
and stirred at 60 C for 2 h to synthesize ODI-modified CNF
(ODI/m-CNF).

Urethane bonds were formed through the reaction between
the hydroxyl groups on the cellulose surface and the terminal
mono-isocyanate group of ODI. After the addition of ODI, the
~NCO functional group initially appeared around 2200 cm™ in
the FTIR spectrum. However, this peak disappeared in the
final product, indicating complete reaction of the -NCO group.
To confirm successful hydrophobization via urethane bonding,
the hydroxyl (~3300 cm™), isocyanate (~2200 cm™), and car-
bonyl (~1700 cm™) peaks were monitored by FTIR. The final
product was vacuum filtered using filter paper and washed three
times with acetone, then redispersed in deionized (DI) water
using mechanical stirring.*'*

For VE modification, a similar procedure to that of ODI was
followed. CNF was dispersed in DMSO, followed by the addition
of 100 mL of NaOH solution (200 g/L) to activate the hydroxyl
groups. The flask temperature was then raised to 100 C, and
a transesterification reaction was performed using CNF and VE
at a molar ratio of 1:3 for 10 min. In this base-catalyzed trans-
esterification process, an ester and an alcohol react to form a
new ester group. Under these alkaline conditions, the hydroxyl
groups on the cellulose surface were substituted via nucleop-
hilic attack by the functional groups in VE. After the reaction,
500 mL of distilled water was added to the mixture, and the
FTIR spectra were monitored for the hydroxyl (~3300 cm™)
and carbonyl (~1700 cm™) groups. The resulting product was
vacuum filtered using filter paper and rinsed three times with
DI water and ethanol.

Figure 1. Spray drying process of m-CNF: (a—b) powderization via
thermal drying (Zone A) and room-temperature cooling (Zone B);
(c) spray-dried CNF powder dispersed in DI water.
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Powdering Process of Modified Cellulose Fibers. Fig-
ure 1 illustrates the spray-drying process. Figures 1(a) and 1(b)
depict the powdering of m-CNF using spray drying, while Fig-
ure 1(c) shows an image of the spray-dried CNF powder in a
flask containing a mixture of deionized (DI) water and CNF. In
Zone A, the m-CNF is dried by applying high-temperature heat
(inlet/outlet temperatures: 140 C /60 C) and airflow (blower:
0.53 m*/min; spray pressure: 9 x 10kPa). In Zone B, the dried
powder is collected after cooling to room temperature.

Results and Discussion

Qualitative Evaluation of Modified Cellulose Fibers.
FTIR analysis was conducted to evaluate the functional group
changes during the m-CNF modification process. Figure 2(a)
illustrates the reaction of CNF with VE. As esterification and
hydrolysis reactions occurred simultaneously, the hydroxyl
groups of nanocellulose were partially replaced by ester groups.
A significant reduction in the intensity of the hydroxyl group
peak was observed as the reaction proceeded, indicating prog-
ress in the surface modification. However, since sodium hydrox-
ide can degrade cellulose fibers, strict control of the reaction
time is essential.** Although the FTIR peak at approximately
3300 cm™ corresponding to the ~OH group decreased, it did not
disappear entirely, suggesting incomplete substitution. The vinyl
groups introduced onto the cellulose side chains may cause steric
hindrance, leaving some residual hydroxyl groups.

Figure 2(b) shows the reaction of CNF with ODI. The mono-
isocyanate groups of ODI reacted with the hydroxyl groups of
cellulose, forming terminal urethane linkages that increased the
hydrophobicity of the modified cellulose. As in Figure 2(a), the
reduction of the hydroxyl peak and the appearance of a new -NH
stretching vibration near ~3350 cm™ were observed. Through
this qualitative FTIR analysis, the hydrophobic modification of
the cellulose surface and the differences between the VE and ODI
treatments were successfully confirmed and compared.®*>*

The hydrophobicity of successful m-CNF was evaluated. As
shown in Figure 3(a), the image was taken 24 hours after adding
1 wt% of CNF, modified using seven solvents (H,O, dimethyl
sulfoxide, dimethyl formamide, ethanol, acetone, tetrahydrofu-
ran, toluene) and to maximize the dispersibility of cellulose, an
ultrasonic dispersion process was conducted. In the case of gen-
eral CNF, dispersion was best due to its good compatibility with
water. Excellent dispersibility means that the particles do not
clump together in the solvent but rather disperse evenly. CNF
itself has very strong hydrophilic properties, so when mixed
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Figure 2. FTIR spectra of surface-modified CNF: (a) VE-CNF
showing —OH reduction and —C=O shift; (b) ODI-CNF showing
disappearance of -NCO and urethane bond formation.

with a hydrophobic solvent, hydrogen bonds are formed between
the hydroxyl groups. This phenomenon leads to aggregation.
As a result, it becomes difficult for the material to express the
original mechanical properties of cellulose. However, when the
hydroxyl groups of CNF are partially replaced with hydropho-
bic functional groups, the aggregation phenomenon is reduced,
and a more elongated morphology is observed. Based on this
research, it was confirmed that CNF modified with ODI and
VE exhibited low dispersibility in water and floated on the sur-
face due to the hydrophobicity of the functional groups. In
addition, a comparative evaluation was conducted with other
organic solvents, and it was confirmed that the m-CNF exhib-
ited a higher degree of dispersion in organic solvents compared
to its behavior in water, where it either sank or floated.
Observational evaluation involves observing experimental
results that can be perceived with the naked eye. To substan-
tiate the specific research findings, the surface hydrophobicity
of neat CNF and CNF modified using ODI and VE was evalu-
ated. Figure 3(b) shows the resulting water contact angle of the
m-CNF sample produced by hot pressing. Spray-dried pow-
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Figure 3. Evaluation of hydrophobicity: (a) dispersion behavior of
m-CNF in various solvents; (b) water contact angles of neat CNF,
ODI-CNF, and VE-CNF.

dered cellulose was used to produce 3/8-inch circular film form
specimens using a hot press at a temperature of 180 C and a

pressure of 25 MPa. These specimens were then compared. It
was confirmed that the contact angle of the m-CNF samples
was more than twice that of pure CNF (increasing from 33.61°
to 71.26° for VE-CNF, and from 33.61° to 83.51° for ODI-
CNF). ODI-CNF exhibited a higher water contact angle than
VE-CNF. It was confirmed that this difference was due to the
influence of unreacted hydroxyl groups that remained unmod-
ified. As a result, it was confirmed that when ODI was used as
a modifier, it imparted greater hydrophobic properties than VE.
ODI has an aliphatic chain form, whereas VE has a side branch
structure around its chain. This difference suggests that the
substitution rate of ODI is somewhat better than that of VE.
Evaluation of Mechanical Properties of Modified Cellulose
Fibers. Figure 4(a) illustrates a schematic diagram of the pel-
let fabrication process using a twin-screw extruder and the sub-
sequent preparation of tensile specimens using a hot press. Figure
4(b) displays the appearance of the twin-screw extruder and the
specimens produced by compounding UHMWPP with m-CNF.,
The UHMWPP and m-CNF powders were physically mixed
and fed through the hopper of the extruder. A twin-screw extruder
with a length-to-diameter (L/D) ratio of 40 was employed. The
barrel temperature was set in a gradient from 180 C to 210 C,
increasing progressively from Zone #1 to the header. Specifi-
cally, the feeding zone (Zone #5), responsible for the initial
melting of raw materials, was set at 180 “C. The temperatures
for Zones #4 through #1 were sequentially adjusted to 185 C,

Twin Screw Extruder

Hopper

Zone#5 Zone#4  Zone #3

® ©

Twin screw extruder

Zone #2 Zone #1 Header

UTM Test
UPP VE ODI

V“

Figure 4. UHMWPP composite fabrication: (a) extrusion and pressing process; (b) composite specimen images; (c) tensile test via UTM.
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190 C, 200 C, and 205 C to ensure stable melt flow and prevent
torque overload in the screw (with a target torque value below
6). The final header zone was set to 210 ‘C due to its narrow
discharge outlet, ensuring complete extrusion of the molten
UHMWPP.

The feed rate and stirring speed were controlled in the range
of 80-120 rpm depending on the amount of m-CNF. It is
important to note that UHMWPP undergoes thermal degradation
and oxidative decomposition at temperatures exceeding 230 C,
resulting in a significant reduction in its molecular weight below
1 million, which can negatively impact the mechanical properties
of the final product.

The extruded composite strands were cut into pellets and
subsequently molded into tensile specimens via hot pressing at
180 C and 25 MPa, following the ASTM D638 Type I stan-
dard. The shape of the final test specimen is shown in Figure
4(b). Figure 4(c) presents the Universal Testing Machine (UTM)
used to evaluate mechanical properties such as tensile strength and
elongation, along with the post-test appearance of the specimens.

Figure 5 presents the tensile strength and elongation results
of the CNF 1 wt% composites modified with ODI and VE, com-
pared to neat UHMWPP and unmodified CNF 1 wt% com-
posites. For the tensile strength tests, the composites with neat
UHMWPP and each m-CNF variant were evaluated in tripli-
cate, and the average values were obtained using ASTM D638
Type 1 dog bone specimens under a test speed of 5 mm/min.
According to the measurements shown in Table 1, both neat
UHMWPP and the unmodified CNF/UHMWPP composites
exhibited tensile strengths in the range of approximately 32.8—
39 MPa. Similarly, the composites containing 1 wt% of either
ODI-CNF or VE-CNF showed comparable tensile strengths,
indicating that the addition of a small amount of modified cel-
lulose did not adversely affect the strength of the polymer matrix.
These results suggest that the inherent stiffness of UHMWPP
is preserved even after the incorporation of m-CNF at a low
concentration, making the material design advantageous for
maintaining structural performance.

However, a remarkable improvement was observed in the
elongation behavior of the m-CNF composites. As shown in
Figure 5(a) and 5(b), the elongation at break for the UHM-
WPP/ODI-CNF composite increased by approximately threefold,
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Figure 5. Stress—strain curves of UHMWPP composites with 1 wt%
m-CNF: (a) VE-CNF; (b) ODI-CNF.

while the UHMWPP/VE-CNF composite showed an almost
fivefold increase compared to the neat UHMWPP. When com-
pared to the UHMWPP/unmodified CNF composite, the elon-
gation increased by a factor of five to six, clearly demonstrating
that the surface modification of CNF played a crucial role in
enhancing ductility. The likely mechanism involves the replace-
ment of the hydrophilic hydroxyl groups on cellulose with
hydrophobic functional groups—Ilong aliphatic chains in the case
of ODI and terminal vinyl groups in VE—which interact more
compatibly with the hydrophobic UHMWPP matrix. The hydropho-
bized surface minimizes interfacial repulsion, facilitates dis-
persion, and promotes energy dissipation during tensile loading,
thereby enabling improved ductility.

Structurally, the long alkyl chain of ODI enhances compat-
ibility during melt compounding by physically entangling with
UHMWPP's molecular chains, thus improving filler-matrix

Table 1. Tensile Strength Values of UHMWPP Composites with 1 wt% CNF (unmodified and modified)

Average UHMWPP UHMWPP/CNF UHMWPP/VE-CNF UHMWPP/ODI-CNF
Stress (MPa) 32.97 33.16 33.87
Strain (%) 84.62 567.83 256.95

Polym. Korea, Vol. 49, No. 6, 2025
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Figure 6. SEM images of UHMWPP composites: (a) neat UHM-
WPP; (b, d) fracture surfaces with ODI-CNF; (c, e) fracture surfaces
with VE-CNF.

interaction without compromising the matrix integrity. In contrast,
VE provides a different mechanism of improvement. Although
its hydrophobicity is less than that of ODI due to the presence
of polar ester groups, the terminal vinyl moiety can undergo
thermal crosslinking during the extrusion or pressing process.
This thermal reactivity likely induces partial network formation
between VE-modified CNF and the UHMWPP chains, thereby
enhancing elongation through localized strain absorption and
network plasticity.

To further verify the morphological behavior of the com-
posites, surface and cross-sectional images of the tensile spec-
imens were analyzed using SEM, as shown in Figure 6(a)-(e).
The surface of neat UHMWPP appeared flat and uniform (Fig-
ure 6(a)), while the samples containing m-CNF showed dispersed
fibrous features embedded in the polymer matrix (Figures 6(d)
and 6(e)). In the cross-sectional views (Figures 6(b) and 6(e)),
the partial presence of m-CNF was confirmed despite the low
1 wt% content, indicating successful dispersion and integra-
tion. The relatively homogeneous distribution of the m-CNF
within the UHMWPP is attributed to the improved interfacial
interaction induced by hydrophobic functionalization. While
unmodified CNF tends to agglomerate due to hydrogen bond-

Z2H, A)4998 A6%, 20253

ing between hydroxyl groups, leading to phase separation and
crack initiation, the m-CNF remains well dispersed, contributing
to energy dissipation and delaying crack propagation under
tensile loading. The SEM images also confirmed that the size
of m-CNF remained in the micrometer range, consistent with
the expected spray-dried morphology.

Overall, the incorporation of surface-modified CNF not only
preserves the tensile strength of UHMWPP but also dramati-
cally enhances its elongation. These results validate the effec-
tiveness of surface modification using ODI and VE in improving
the compatibility between cellulose and hydrophobic polymers,
offering a viable strategy for producing ductility-enhanced UHM-
WPP composites with potential applications in lightweight and
durable structural components.

Conclusions

In this study, we investigated the composite formation between
ultra-high molecular weight polypropylene (UHMWPP)-a
promising alternative to iron and aluminum in the automotive
industry-and cellulose, which offers high strength and low
specific gravity. Due to the inherent incompatibility between
hydrophilic cellulose nanofibers (CNF) and the highly hydro-
phobic UHMWPP, surface modification was conducted to enhance
interfacial compatibility. Specifically, the hydroxyl groups of
CNF were hydrophobized via urethane bonding and esterification
using octadecyl isocyanate (ODI) and vinyl ester (VE), respectively.

The modified cellulose (m-CNF) was dispersed in a mixed
solvent of ethanol and distilled water, and unreacted monomers
were removed through repeated washing and filtration. The
resulting m-CNF was subsequently processed into a powder
form via spray drying, yielding particles in the micrometer range.
Successful modification was confirmed by spectroscopic anal-
ysis (FTIR) and solvent dispersibility evaluation, while mechanical
properties were assessed to validate the composite performance.

Composites containing 1 wt% of m-CNF were homogeneously
mixed with UHMWPP and exhibited improved mechanical
properties compared to neat UHMWPP and UHMWPP with
unmodified CNF. Notably, while both neat UHMWPP and UHM-
WPP/unmodified CNF composites exhibited brittle fracture
behavior under tensile loading, the UHMWPP/m-CNF com-
posites showed a clear transition to ductile fracture, indicating
significantly enhanced elongation at break.

It is proposed that the terminal functional groups of the mod-
ifiers (ODI and VE) were responsible for this ductility improve-
ment. The tensile strength of UHMWPP/VE-CNF composites
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remained comparable to that of neat UHMWPP (~32-33 MPa),
yet the elongation increased remarkably, by approximately 3-
Stimes (from 84% to 567%). The improved properties of
ODI-CNF are attributed to the flexible long-chain alkyl struc-
ture enhancing hydrophobic compatibility, while VE-CNF
demonstrated elongation enhancement likely due to thermal
crosslinking of vinyl groups during extrusion or hot pressing.
This suggests that using hydrophobic modifiers with reactive
double bonds can induce a transformation from brittle to duc-
tile behavior in the polymer composite.

Unlike previous reports that emphasized increased stiffness
resulting from hydrophilic CNF, this study demonstrated the
feasibility of transforming rigid composites into ductile materials
through CNF surface modification. These findings highlight
the potential of m-CNF/UHMWPP composites for use in light-
weight, high-performance applications across the automotive,
marine, and structural materials industries, offering both mechanical
advantages and economic value.
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