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초록: 고분자 복합체는 생체의료, 항공우주, 전자, 포장 등 다양한 산업 분야에서 우수한 특성과 폭넓은 응용 가능               

성으로 인해 큰 관심을 받고 있다. 본 연구에서는 바이오매스 기반 나노필러인 나노셀룰로오스를 열가소성 폴리우             

레탄(TPU)과 용융 혼합하여 복합체를 제조하였다. 친수성 나노셀룰로오스와 소수성 TPU 매트릭스 간의 상용성을           

개선하기 위해, CNC의 표면을 3-아미노프로필트라이에톡시실란(APTES)과 옥틸트라이에톡시실란(OTES)이라는 두      

가지 실란 커플링제를 이용해 개질하였다. 또한, 비교를 위해 셀룰로오스 나노섬유(CNF)를 활용한 복합체도 함께            

제조하였다. 기계적 물성 평가 결과, CNC의 도입은 TPU 복합체의 인장 강도와 파단 신율을 감소시켰으나, 표면 개               

질된 CNC를 사용한 경우 강성은 향상되는 경향을 보였다. 이러한 결과는 TPU 기반 나노복합재의 기계적 성능을              

설계함에 있어 나노필러의 표면 화학이 중요한 역할을 한다는 것을 보여준다.

Abstract: Polymer composites have attracted widespread interest due to their versatile properties and broad applications 

across various industries, including biomedical, aerospace, electronics, and packaging. In this study, thermoplastic poly-

urethane (TPU) composites were fabricated via a melt-mixing process with nanocellulose, a biomass-based nanofiller 

known for its sustainability and mechanical potential. To improve the compatibility between hydrophilic nanocellulose 

and hydrophobic TPU matrix, cellulose nanocrystals (CNCs) were surface-modified with two different silane coupling 

agents: 3-aminopropyltriethoxysilane (APTES) and octyltriethoxysilane (OTES). Cellulose nanofibrils (CNF) were also 

utilized for comparison as a distinct type of nanocellulose. Mechanical test revealed that the incorporation of nanocel-

lulose reduced the tensile strength and elongation at break of TPU composites. Nevertheless, stiffness was generally 

enhanced, particularly with surface-modified CNCs. These results highlight the importance of the surface chemistry of 

nanofillers in engineering the mechanical performance of TPU-based nanocomposites. 

Keywords: nanocellulose, thermoplastic polyurethane, composites, silane coupling agents.

Introduction

The use of biomass-derived nanofillers, including nanocel-

lulose, chitin/chitosan nanomaterials, and lignin nanoparticles, 

for the mechanical reinforcement of polymers represents a 

promising sustainable strategy in polymer composite devel-

opment. Unlike traditional inorganic fillers, which do not biode-

grade in nature and contribute to long-term environmental issues, 

biomass-derived nanofillers offer an eco-friendly alternative.1

In this context, nanocellulose is particularly interesting due to 

its natural abundance, high mechanical strength, and low den-

sity.2 These characteristics, coupled with biodegradability and 

biocompatibility, make it an ideal choice for sustainable nanofill-

ers to reinforce polymer composites. Cellulose nanocrystals 

(CNC) and cellulose nanofibrils (CNF) are two representa-

tive forms of nanocellulose, distinguished by their structural 
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characteristics and physicochemical properties. CNCs are rod-

shaped, crystalline particles typically produced through acid 

hydrolysis of cellulose sources.3 In contrast, the production of 

CNFs generally involves mechanical treatment such as high-

shear refining or homogenization, resulting in a long fibrillar 

structures with alternating crystalline and amorphous regions.4-7

Both CNCs and CNFs possess abundant surface hydroxyl 

groups, enabling chemical modification and strong interfacial 

interactions with hydrophilic polymers. They have been homo-

geneously dispersed in hydrophilic polymer matrices such as 

poly(ethylene oxide) (PEO),8-12 poly(acrylic acid) (PAA),13,14 and 

poly(vinyl alcohol) (PVA).15-18 When combined with these poly-

mers, nanocellulose significantly enhances the mechanical prop-

erties of the resulting composites through efficient load transfer 

and, in some cases, the formation of percolated networks. CNCs, 

with their high crystallinity and rod-like morphology, can effectively 

improve stiffness and dimensional stability, whereas CNFs, 

composed of long and flexible fibrils, can form interconnected 

networks that improve toughness. On the contrary, in hydro-

phobic polymers such as thermoplastic polyurethane (TPU), 

the inherent incompatibility between nanocellulose and the 

hydrophobic polymer matrix, along with nanocellulose’s strong 

tendency to self-aggregate through hydrogen bonds, often leads 

to phase separation and weak interfacial bonding, reducing 

the mechanical properties of the composites.19,20

Surface modification techniques such as alkylation, acetyl-

ation, silane coupling reactions, or grafting with hydrophobic 

functional groups can be employed to address the compatibility 

between nanocellulose and hydrophobic polymers.21-25 Alkox-

ysilanes are typically used for surface modification to enhance 

dispersion and improve interfacial interaction between poly-

mers and fillers.26 In this study, we modified the surface of nano-

cellulose using silane coupling agents and compared the mechanical 

reinforcement effect of the modified and unmodified nanocel-

lulose (CNC and CNF) in TPU composites prepared via the melt-

compounding method.

Experimental

Materials. CNCs and CNFs were purchased from Cellu-       

Force (Canada) and Cellullose Lab Inc. (Canada), respectively. 

Thermoplastic polyurethane (TPU, Elastollan 1185A) was obtained 

from BASF (Germany). (3-aminopropyl) triethoxysilane (APTES), 

octyltriethoxysilane (OTES), and acetic acid (> 99.5%) were 

purchased from Sigma-Aldrich (USA). Ethanol 99.9% was sup-

plied from Duksan Pure Chemicals (South Korea). All chem-

icals were used as received without further purification. 

Surface Modification of Nanocellulose. The surface of CNC     

was modified as previously described in the literature with a 

minor modification.27 First, the silane agents (5 wt%) were diluted 

in an ethanol-water mixture (80:20) and stirred for 2 h. Then, 

the pH was adjusted using acetic acid until it reached ~4. An 

acidic environment is usually utilized to catalyze the hydro-

lysis rate of alkoxysilane while slowing down the condensa-

tion of silanols. In a separate vial, 5 wt% of CNC was dispersed 

in an ethanol-water mixture (80:20) and stirred for 2 h. The silane 

solution was then added to the CNC dispersion and stirred for 

an additional 2 h. After centrifuging the mixture at 2500 rpm 

for 20 min, it was washed with deionized water. This cen-

trifugation–washing step was repeated twice. Subsequently, the 

samples were freeze-dried for approximately 2 days, and then 

heated at 120 ℃ for 2 h under vacuum.

TPU Composites Fabrication. To prepare TPU composites,     

TPU pellets and nanocellulose (CNCs or CNFs) were first pre-

mixed in ethanol. Nanofiller contents were 0, 1, and 3 wt% rel-

ative to the total weight of TPU and nanofillers. The TPU and 

nanofillers were placed in a glass beaker, and ethanol was added 

to cover the materials. Subsequently, the mixture was gently 

stirred using a spatula to promote homogeneous dispersion. 

The mixture was then placed in a convection oven at 60 ℃     

overnight to evaporate the ethanol, resulting in a uniform coat-

ing of nanofillers on the surface of the TPU pellets. After that, 

the pre-mixed TPU and nanofillers were fed into a batch-type 

dispersion mixer (GPT100, Green Polytech), melted at 180 ℃     

or 190 ℃, and mixed for 510 min with a rotating screw (speed     

= 20 rpm). The composites were then compression-molded into 

dog-bone shapes at 220 ℃ under a pressure of 5 tons. The final     

thickness of the composite films was approximately 0.2 mm.

Characterization. Field-emission scanning electron microscopy    

(FE-SEM) images were collected using MAGNA (TESCAN) 

with an acceleration voltage of 3 kV. X-ray photoelectron spec-

troscopy (XPS) was obtained using AXIS SUPRA (KRATOS 

Analytical Ltd.). Tensile tests were performed using Bluehill Ele-

ments (Instron) with a 1 kN load cell at a 50 mm/min crosshead

speed.

Results and Discussion

Although nanocellulose has great potential as a sustainable 

nanofiller for mechanical reinforcement of polymers,28,29 its 

inherent hydrophilicity often results in poor compatibility with 

hydrophobic polymer matrices. In this regard, organosilanes 
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are commonly employed as coupling agents to enhance the 

interfacial interaction between the matrix and fillers.30 The silane 

coupling reaction involves sequential hydrolysis and conden-

sation steps. In the presence of water or an ethanol-water mixture, 

the alkoxy groups (-OR) of the silane coupling agents are hydro-

lyzed to form silanol groups (SiOH). These silanol groups can 

subsequently undergo condensation reactions with one another, 

leading to the formation of a siloxane (SiOSi) polymer net-

work in the solution. Upon heating, hydrogen bonds between 

silanol groups and CNC hydroxyl groups can transform into 

covalent SiOC linkages, while remaining silanol groups 

on cellulose may undergo further condensation.31,32 Scheme 1 

illustrates the surface modification process and fabrication of 

TPU composites.

Prior to composite preparation, SEM analysis was conducted to 

evaluate the morphology of the nanofillers. As shown in Figure 

1(a), CNCs have short and rod-like structures primarily com-

posed of crystalline regions. In contrast, CNFs (Figure 1(b)) 

exhibited thicker and longer fibrils consisting of both crystalline 

and amorphous regions of cellulose.33 After surface modification, 

both APTESCNC (Figure 1(c)) and OTESCNC (Figure 1(d)) 

maintained the original rod-like structure of CNC. In addition, 

OTESCNC exhibited reduced aggregation compared to

APTESCNC, likely due to the presence of alkyl chains on the 

nanocellulose surface.34

XPS analysis was performed to compare the surface chem-

ical structures of pristine and surface-modified CNCs. As 

shown in Figure 2(a), all samples exhibited characteristic 

peaks corresponding to C 1s (~285 eV) and O 1s (~533 eV). 

The high-resolution spectra (Figure 2(b)) further confirmed 

the presence of Si 2p peaks in the APTESCNC (red line) and 

OTESCNC (blue line), whereas the Si 2p signal was absent 

in the pristine CNC, indicating successful surface modification.

Furthermore, a distinct N 1s signal observed only in APTES

CNC (Figure 2(c)), with peaks at 398.1 eV and 400.2 eV cor-

responding to NH2 and NH3⁺ groups, respectively, confirms the 

presence of amine functionalities introduced by APTES.35-41 

The C 1s atomic concentration also increased upon silane 

functionalization. Specifically, the C 1s content increased from 

54.1% in pristine CNC to 56.5% for APTESCNC and 58.5% 

Scheme 1. Scheme of surface modification of CNC by silane coupling 

agents and fabrication of TPU composite. R represents –(CH2)3NH2

for APTES and –(CH2)7CH3 for OTES.

Figure 1. FE-SEM images of (a) CNC; (b) CNF; (c) APTES-CNC; 

(d) OTES-CNC. All the fillers were dispersed in H2O at a concen-

tration of 0.5 wt%.

Figure 2. XPS spectra of pristine CNC, APTES-CNC, and OTES-

CNC: (a) survey spectra; (b) high-resolution Si 2p spectra; (c) high-

resolution N 1s spectra.
 Polym. Korea, Vol. 50, No. 1, 2026



96 E. N. N. A. Ansar et al.

      

       

       

      

    

      
for OTES-CNC, respectively.

After confirming the success of the surface modification, the 

nanofillers were incorporated into thermoplastic polyurethane 

(TPU) via melt blending. To determine the optimal processing 

conditions, preliminary tests were conducted using pristine TPU 

at two temperatures (180 ℃ and 190 ℃) with compounding         

times of 5, 7, and 10 min. Based on visual inspection (Figure 

3(a)), the TPU processed at 180 ℃ for 5 and 7 min appeared            

relatively transparent and colorless. Noticeable yellowing was 

observed in samples processed for 10 min at 180 ℃ and 190 ℃,            

indicating thermal degradation of the composites. In addition, 

the sample processed at 190 ℃ for 5 min appeared opaque,          

possibly due to the increased crystallinity or microstructural 

changes.

The composites were subsequently compressed into dog-bone 

specimens at 220 ℃. Following this, UTM tests were conducted         

to evaluate the mechanical properties. The resulting stress−strain 

curves were plotted in Figure 3(b), and the corresponding mechanical 

properties under different processing conditions are summa-

rized in Table 1. As found, the Young’s Modulus of the TPU films 

showed only slight variations across all processing conditions, 

whereas the tensile strength and elongation at break were decreased 

at elevated temperatures, likely due to thermal degradation. 

The highest Young’s modulus was observed in samples pro-

cessed at 180 ℃ for 10 min, while the highest tensile strength     

was found in samples processed at 180 ℃ for 7 min. Based on     

the UTM results and visual appearance, the condition of 

180 ℃ for 7 min was selected for the preparation of TPU com-     

posites with nanofillers.

After determining the optimum processing condition, TPU/

nanocellulose composites were prepared by premixing TPU 

pellets and nanofillers in ethanol. The mixtures were then placed 

in a convection oven at 60 ℃ to evaporate ethanol, resulting in     

a uniform nanocellulose coating on the TPU pellets. This pre-

coating was expected to facilitate better nanocellulose disper-

sion during melt mixing at 180 ℃. The resulting composites     

were subsequently compression-molded into dog-bone speci-

mens at 220 ℃ for UTM measurement. In Figure 4(a), the neat     

TPU exhibited Young’s modulus of 28 MPa, an ultimate ten-

sile strength of 46 MPa, an elongation at break of 972%, and 

a toughness of 177 MJ/m3, respectively. The introduction of 

unmodified CNCs led to a reduction in the mechanical proper-

ties of the composite films. For instance, at 1 wt% CNC loading, 

the Young’s modulus, tensile strength, elongation at break, and 

toughness decreased to 25 MPa, 27 MPa, 789%, and 97 MJ/m3,

respectively. This reduction is likely due to the poor compat-

ibility and aggregation of CNCs within the TPU matrix.

Surface-modified CNCs and CNFs affected the Young’s modu-

lus of TPU composites in a dose-dependent manner, with a 

decrease observed at 1.0 wt% and an increase at 3.0 wt% (Fig-

ure 4(b)), suggesting that higher nanofiller content contributes 

to the enhanced stiffness. However, the tensile strength decreased 

in all cases (Figure 4(c)), likely due to filler agglomeration and 

the resulting formation of stress concentration sites. Among the 

samples, OTES-CNC showed the greatest resistance to the reduc-

tion in tensile strength, possibly due to its improved dispersion 

compared to other fillers. The elongation at break remained 

largely unchanged (Figure 4(d)), except for the CNF-filled TPU 

composites, which exhibited a significant reduction. This reduc-

Figure 3. (a) Photographs of TPU processed under varying condi-

tions; (b) their corresponding stress–strain behavior.

Table 1. Mechanical Properties of Pristine TPU Composites

Samples E (MPa) σ (MPa) εb (%)

180 ℃, 5 min 28 ± 1 41 ± 3 968 ± 36

180 ℃, 7 min 28 ± 2 46 ± 2 972 ± 21

180 ℃, 10 min 29 ± 1 44 ± 3 962 ± 34

190 ℃, 5 min 28 ± 2 35 ± 1 1107 ± 22

190 ℃, 10 min 29 ± 2 29 ± 7 764 ± 84

E: Young’s modulus, : tensile strength, b: elongation at break
폴리머, 제50권 제1호, 2026년
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tion might be attributed to the high aspect ratio of CNFs, which 

likely exacerbates the incompatibility with the TPU matrix. 

Similarly, the toughness (Figure 4(e)) decreased in the TPU 

composites compared to neat TPU, indicating reduced energy 

absorption, while OTES-modified CNCs retained relatively higher 

values. Although surface modification could improve the inter-

facial compatibility between CNCs and the TPU matrix, achieving 

uniform dispersion remains challenging. The increase in Young’s 

modulus at higher filler loadings indicates partial reinforcement, 

whereas the decrease in tensile strength and toughness suggest 

the presence of aggregation or weak interfacial adhesion. Based 

on the mechanical behavior, OTES-CNC was inferred to have 

relatively better dispersion, likely due to the alkyl chains reducing 

aggregation. Detailed mechanical properties of the TPU/nano-

cellulose composite films are summarized in Table 2.

A similar observation was reported by Larraza et al.42 in water-

born polyurethane/CNF nanocomposites, where a decrease in 

elongation at break at higher CNF contents was attributed to 

the formation of agglomerates. Likewise, Barick et al.43 prepared 

TPU/vapor-grown carbon nanofiber composites via melt com-

pounding and observed a comparable trend, indicating that the 

presence of rigid nanofillers reduces ductility and increases 

stiffness. Consistent behaviors were also reported by Prataviera 

et al.,44 who prepared TPU/CNC composite films through melt-

mixing with CNC contents ranging from 0.1 to 5 wt%. In their 

study, the addition of a small amount of CNC (0.1 wt%) led to 

a decrease in the elongation and tensile strength, while slightly

enhancing Young’s Modulus. As the filler content increased, 

the stiffness of the composite films increased, with 5 wt% hav-

ing the highest Young’s Modulus.

Figure 4. Mechanical properties of TPU/nanocellulose composites: (a) Representative mechanical profile (stress–strain curves); (b) Young’s 

modulus; (c) tensile strength; (d) elongation at break; (e) toughness. Nanocellulose contents are represented as gray (0 wt%), red (1 wt%), 

and blue (3 wt%).

Table 2. Mechanical Properties of TPU/nanocellulose Composites

 Samples E (MPa) σ (MPa) εb (%) T (MJ/m3) 

TPU 28 ± 2 46 ± 2 972 ± 21 177 ± 10

TPU/CNC(1) 25 ± 1 27 ± 4 789 ± 63 97 ± 23

TPU/CNC(3) 26 ± 3 34 ± 3 892 ± 56 133 ± 20

TPU/APTES-CNC(1) 26 ± 1 31 ± 4 844 ± 64 115 ± 23

TPU/APTES-CNC(3) 31 ± 2 30 ± 1 946 ± 26 139 ± 6

TPU/OTES-CNC(1) 23 ± 1 43 ± 1 1008 ± 8 175 ± 3

TPU/OTES-CNC(3) 34 ± 3 30 ± 1 928 ± 21 132 ± 6

TPU/CNF(1) 31 ± 1 26 ± 1 814 ± 22 100 ± 6

TPU/CNF(3) 36 ± 2 14 ± 2 428 ± 76 45 ± 10

E: Young’s modulus, σ: tensile strength, εb: elongation at break, T: toughness.           

Values in parentheses indicate the nanocellulose content (wt%)
 Polym. Korea, Vol. 50, No. 1, 2026



98 E. N. N. A. Ansar et al.
Conclusions

Thermoplastic polyurethane (TPU) composites were prepared 

via melt blending using various forms of nanocellulose, includ-

ing unmodified CNCs, silane-functionalized CNCs (APTES-

CNC and OTES-CNC), and CNFs. While the incorporation of 

nanocellulose led to reductions in tensile strength and elonga-

tion at break, the overall stiffness of the composites, as indi-

cated by the increased Young’s modulus, was enhanced. Overall, 

this study highlights the importance of optimizing both the filler 

type and surface chemistry to tailor the mechanical performance 

of TPU-based nanocomposites.
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