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Abstract: The development of foam polyurethane (FPUs) materials endowed with antibacterial capabilities holds 

immense significance in numerous fields. Therefore, the endeavor to enhance their antibacterial functionality assumes a 

position of utmost importance. In this work, two series of antibacterial modified foam polyurethanes with inherent anti-

bacterial properties were obtained by introducing linalool and terpineol into commercial FPU systems. FPU systems were 

prepared by mixing poly(diphenylmethane diisocyanate), polyether polyol, foaming agent, and different amounts of lin-

alool or terpineol. The influence of different modified monomer (linalool and terpineol) contents on the mechanical, ther-

mal, and antibacterial properties of FPU systems were systematically investigated. Characterization techniques such as 

Fourier transform infrared (FTIR), thermogravimetric analysis (TGA), mechanical testing, and scanning electron micro-

scope (SEM) were employed in here. These results indicated that the compressive strength of linalool-modified FPU sys-

tems decreased with increased linalool content due to its soft fatty chains. In contrast, terpineol-modified FPU systems 

exhibited increased compressive strength because of its rigid fatty ring. The thermal stability of FPU systems was 

enhanced with the addition of linalool and terpineol, attributed to the conjugated double bonds in their structures. SEM 

analysis revealed similar cell structures in FPU systems with different modified monomer contents, suggesting that 

changes in compression properties were primarily due to the introduced flexible or rigid structures of the modified mono-

mer. Antibacterial tests following ISO 22196:2007 guidelines, using Escherichia coli as the model strain, demonstrated 

that the bactericidal rate of the linalool-modified FPU systems increased from 10.7% to 98.4%, and that of terpineol-mod-

ified FPU systems rose from 8.8% to 98.4% with higher monomer content. These findings indicate that modified FPU 

systems retain the antibacterial properties of linalool and terpineol, providing valuable insights for developing high per-

formance antibacterial foam polyurethane. 
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Introduction

Thermosetting polyurethane (PU), a thermosetting polymer 

distinguished by its abundant urethane groups along its back-

bone, is synthesized through the foaming polymerization of 

isocyanate and polyol, facilitated by specific additives.1-3 Based 
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on variations in hardness, foam polyurethane materials can be 

categorized into three distinct types: rigid foam PU, flexible 

foam PU, and semi-rigid foam PU. Due to their unique char-

acteristics, these diverse polyurethane formulations have widely 

applied in household appliances, construction materials, trans-

portation systems, automotive components, and numerous other 

industries.4-6 Nonetheless, polyurethane materials inherently lack 

antibacterial properties, making them susceptible to bacterial 

colonization. This susceptibility not only accelerates material 

degradation but also escalates the potential for human infec-

tion. Consequently, the incorporation of antibacterial function-

ality into foam polyurethane materials assumes paramount 

importance.7-9

Given the wide-spread applications of foam polyurethane in 

diverse sectors such as healthcare, where it is used in items like 

hospital mattresses and medical packaging, and in the food 

industry, for food-contact foams and insulating materials, the 

absence of antibacterial features leaves these products vulner-

able to bacterial invasion.10-12 The primary strategy for fabri-

cating antibacterial foam polyurethane materials predominantly 

revolves around incorporating antibacterial agents. This strategy

can be essentially categorized into two distinct approaches.13

One approach entails directly integrating antibacterial agents 

into FPU materials via blending or immersion. However, the 

extensive use of this method has led to a remarkable escalation 

of bacterial resistance and environmental pollution issues. 

Given this scenario, researchers vigorously seek non-toxic nat-

ural antibacterial agents as viable alternatives, such as ZnO,14

silver metal nanoparticles,15 chitosan,16 polyphenols,17 olefinic 

compounds,18 etc. Among these, silver and Tion2 demonstrate 

broad-spectrum bactericidal capabilities. However, precisely 

controlling their release processes remains a challenge. Organic 

antibacterial agents typically function by interacting with cell 

membranes. Nevertheless, chitosan confronts issues like restricted 

water solubility, antibacterial peptides are plagued by instability, 

and small-molecule quaternary ammonium salts may exhibit 

cytotoxicity and be hampered by resistance problems. Another 

approach involves integrating antibacterial substances into the 

polyurethane system through chemical reactions. These anti-

bacterial substances are typically cationic polymers with ter-

minal hydroxyl groups.19 They can be covalently attached to 

the polyurethane molecular chains by reacting with -NCO groups, 

forming urethane linkages. Cationic polymers, acting as posi-

tively charged bactericidal agents, exert their antibacterial effects 

by interacting with the negatively charged bacterial cell mem-

branes, leading to membrane disruption and subsequent bac-

terial death. This method offers several advantages, such as 

prolonged efficacy, non-toxicity to humans, negligible impact 

on the properties of the polymer, and reduced likelihood of 

drug resistance development.20-22

Linalool, an extract derived from natural plants, demon-

strates diverse biological activities, encompassing anticancer, 

antibacterial, antiviral, neuroprotective, anxiolytic, antidepres-

sant, and antistress properties. Notably, linalool has substantial 

potential for application in the antibacterial and antifungal 

domains.23-25 Aytac et al. fabricated cyclodextrin/linalool inclu-

sion complex nanofibers via electrospinning technology. The 

outcomes of the antibacterial experiments are remarkable. 

They reveal that the linalool released from these nanofibers can 

effectively suppress the growth of Escherichia coli and Staph-

ylococcus aureus.26 Xie et al. developed a pH-responsive car-

boxymethyl chitosan (CMCS) hydrogel loaded with linalool 

Pickering emulsion for controlled drug release. This system 

enables triggered release in the acidic tumor microenvironment, 

demonstrating both biocompatibility and antitumor activity, 

offering a novel strategy for monoterpene delivery.27 Terpineol, 

another plant extract of natural origin, has exhibited remark-

able effectiveness in eradicating various bacteria and fungi that 

are primary causative agents of human diseases.28-30 Tang et al. 

engineered an AceLNT-g--ter membrane by conjugating acetyl-

ated lentinan with α-terpineol. This hybrid system achieved 

80-85% reduction in bacterial adhesion and 70-71% decrease 

in biofilm formation for Escherichia coli and Pseudomonas 

aeruginosa after 7 day incubation.31 Costa Pereira et al. devel-

oped self-disinfecting paints containing Chloroxylenol (CLX), 

-Terpineol (TRP), and their combination. This system demonstrated 

significant antibacterial activity (>80% reduction) against Gram-

positive and Gram-negative bacteria before and after scrub 

resistance testing, while maintaining cellular viability (>70%) 

and minimal genotoxicity in human cell lines.32 These research 

findings undoubtedly offer novel insights into the development 

of antibacterial materials.

This research explores the potential of applying two natural 

plant extracts, terpineol and linalool. These two monomers are 

innovatively applied to modify the foam polyurethane systems, 

aiming to endow the foam materials with excellent antibacte-

rial properties. During the research process, the impact of the 

varying contents of terpineol and linalool monomers on several 

crucial performance indices of the foam polyurethane systems 

was systematically studied. Specifically, the effects of different 

monomer contents on the foam polyurethane systems's mechan-

ical properties, thermal properties, and antibacterial properties 
폴리머, 제49권 제6호, 2025년



Intrinsic Antibacterial Polyurethane Foam from Terpineol and Linalool: Synthesis and Properties 751

     

   

      
were recorded in detail. This in-depth study not only contrib-

utes to a deeper understanding of the interaction mechanism 

between natural plant extracts and polyurethane foams but also 

lays a foundation for developing high performance antibacte-

rial foam polyurethane materials.

Experimental

Materials and Methods. Materials. Poly(diphenylmethane    

diisocyanate) (PM-200) was purchased from Wanhua Chemical 

Group Co., Ltd. Polyether polyol (330N) was purchased from 

Shandong Blue Star Dongda Co., Ltd. Foaming agent (FA) was 

purchased from Huntsman International Co., Ltd. Terpineol 

(98%) dibutyl tin dilaurate (DBTL) and linalool (98%) were 

purchased from Shanghai Aladdin Biochemical Technology 

Co., Ltd. All raw materials were used directly without purifica-

tion.

Preparation of Foam Polyurethane (FPU). The FPUs cor-       

responding to Scheme 1 were prepared through a controlled 

fabrication process using a precursor mixture with optimized 

components. The manufacturing procedure commenced with 

precise blending of predetermined quantities of 330N, FA, ter-

pineol, and linalool (formulation ratios detailed in Table 1) 

through mechanical homogenization. PM-200 was then incor-

porated into the homogeneous mixture under continuous mechan-

ical agitation at 1000 rpm for 30 seconds to ensure uniform 

dispersion. The activated mixture was subsequently transferred 

into pre-treated silicone molds and allowed to undergo com-

plete cross-linking. Following demolding, the cured FPUs were 

maintained in a climate-controlled environment (25 ℃, 30%       

RH) for 48 h to achieve structural stabilization prior to subse-

quent characterization and application testing.

Characterization. Fourier transform infrared (FTIR) was     

employed to analyze the chemical compositions of the obtained 

FPU systems. FTIR spectra were acquired utilizing a Thermo 

Fisher Scientific Nicolet iS5 FTIR spectrometer operating in 

ATR (attenuated total reflectance) mode, and the spectral data 

are presented in units of cm−1. The thermogravimetric analysis 

(TGA) was performed using a TG/DTA 7300 instrument (Seiko, 

Chiba, Japan) under controlled atmospheric conditions. The 

experiments employed high-purity nitrogen as the carrier gas, 

maintained at a precisely controlled flow rate of 50 mL/min 

through mass flow regulators. Thermal profiling was executed 

across a programmed temperature spectrum from 50 ℃ to 800 ℃,     

implementing a linear heating gradient of 20 ℃/min under     

continuous mass loss monitoring. All measurements were con-

ducted in triplicate to verify thermal decomposition reproduc-

ibility. The mechanical characterization was conducted on a 

universal mechanical testing machine (Model C43.104; MTS 

Systems, China) operating at a constant crosshead displacement 

rate of 2 mm/min. Prior to mechanical evaluation, all specimens 

underwent standardized conditioning at 25 ℃ ± 1 ℃ and 50% ±     

5% relative humidity for 24 h to achieve environmental equi-

librium. Compression parameters were derived from the average

of five consecutive measurements per sample, ensuring statisti-

Table 1. Feed Compositions for Different FPU

Sample
Component A Component B Terpineol

(wt%)
Linalool (wt%)

PM-200 (wt%) 330N (wt%) FA (wt%)

FPU 40 100 3 0 0

5T/FPU 40 95 3 5 0

10T/FPU 40 90 3 10 0

15T/FPU 40 85 3 15 0

5L/FPU 40 95 3 0 5

10L/FPU 40 90 3 0 10

15L/FPU 40 85 3 0 15

Scheme 1. The corresponding photos of the FPU.
 Polym. Korea, Vol. 49, No. 6, 2025
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cal reliability of the experimental data. The antibacterial per-

formance of FPU systems was evaluated through a standardized 

experimental procedure following ISO 22196:2007 guidelines, 

employing Escherichia coli (ATCC 25922) as the model bac-

terial strain. The assessment was conducted using a dynamic 

vibration methodology to quantitatively determine the antimi-

crobial efficacy of the materials.

Results and Discussion

Characterization of Different FPU Systems. Figure 1      

presents the FTIR spectra of different FPU systems, namely 

the linalool modified FPUs and the terpineol-modified FPUs, 

respectively. The specific preparation schematic is shown in 

Scheme 2.

As clearly shown in Figure 1(a), the characteristic peak 

observed at 1225 cm-1, which corresponds to the C-N stretch-

ing vibrations in urethane linkages, demonstrates the covalent 

bonding formed between the isocyanate and polyol compo-

nents during the synthesis of FPUs.33 The characteristic peaks 

at 1371 cm-1 and 1451 cm-1, associated with the aliphatic chain 

segments, reveal information about the chain structure. Addi-

tionally, the peak characteristic at 1670 cm-1 represents the stretch-

ing vibration absorption peak linked to the -C=CH2 double 

bond in the linalool-modified FPUs, indicating successful lin-

alool incorporation.34 Meanwhile, similar peak assignments can 

be seen in the FTIR spectrum of the linalool modified FPUs. 

In summary, these results clearly show that both linalool and 

terpineol have been successfully introduced into the FPU sys-

tems. This achievement unlocks new ways to adjust the prop-

erties of FPU systems for different applications.

Thermal and Mechanical Properties of Different FPUs.     

Figure 2 displays the thermogravimetric curves of various FPU 

systems under an inert nitrogen atmosphere, with Table 1 pro-

viding the key degradation parameters: the 5% decomposition 

temperature (Td5%) and the residual carbon content measured at 

800 ℃ (R800). Remarkably, all FPU systems exhibited stability     

at temperatures below 260 ℃. The Td5% values, ranging from     

278 ℃ to 292 ℃, indicate outstanding initial thermal stability.     

As depicted in Figure 2(a), the Td5% of the linalool modified 

FPU systems increased from 278 ℃ to 292 ℃ with an increase     

in linalool content. This can primarily be attributed to the con-

jugated double bonds within the linalool structure, which enhance 

the thermal stability of the system. Similarly, as shown in Fig-

ure 2(b), the Td5% of the terpineol modified FPU systems rose 

from 278 ℃ to 288 ℃ with increasing terpineol content. This     

phenomenon is driven by the same mechanism, involving the 

stabilizing effect of the conjugated double bonds in terpineol. 

Furthermore, the R800 of the linalool-modified FPU and the ter-

pineol modified FPU systems showed a progressive increase 

from 5.9% to 15.7% with the incremental addition of linalool Scheme 2. Specific preparation schematic of the FPU.

Figure 1. FTIR of (a) the linalool-modified FPUs; (b) the terpineol-modified FPUs.
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and terpineol, respectively. This enhancement in char formation 

can be mechanistically linked to the increased double bond con-

tent within these additives, which promotes crosslinking reac-

tions during pyrolysis.35,36

Compression experiments were conducted to assess the 

impact of natural alcohols (linalool and terpineol) on the mechan-

ical properties of FPU systems. The results obtained from these

experiments are graphically represented in Figure 3. As shown 

in Table 2, the Pure FPU has an average tensile strength of 

202 KPa. The compressive strength of the linalool-modified 

FPUs demonstrates a decreasing trend with the addition of lin-

alool. When the linalool content attains 15 wt% of component 

B, the compressive strength of the modified FPUs decreases

to 134 KPa. This reduction can be ascribed to the soft fatty 

chains within the linalool molecular structure. In contrast, the 

compressive strength of the terpineol-modified FPUs shows an 

upward tendency with the incremental addition of terpineol. 

Specifically, when the proportion of terpineol reaches 15 wt% 

in component B, the compressive strength increases to 332 KPa. 

This can be mainly attributed to the rigid fatty ring in the ter-

pineol structure.

In order to verify whether the significant changes in the 

compression properties of foam are mainly due to the struc-

tural specificity of the different modified monomers (linalool 

Figure 2. TGA curves for (a) the linalool-modified FPUs; (b) the terpineol-modified FPUs.

Figure 3. Compression curves for (a) the linalool-modified FPUs; (b) the terpineol-modified FPUs.

Table 2. TGA Properties for the Linalool-Modified FPUs and the Terpineol-Modified FPUs

Samples FPU 5L/FPU 10L/FPU 15L/FPU 5T/FPU 10T/FPU 15T/FPU

Td5 (℃) 278 285 285 292 284 285 288

R800 (%) 5.9 7.9 11.3 13.9 9.9 10.5 15.7

compressive strength (KPa) 202 183 175 134 208 242 332
 Polym. Korea, Vol. 49, No. 6, 2025
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and terpineol) or the changes in the internal cell structure of 

the FPU systems, the different FPU specimens were analyzed 

by scanning electron microscope (SEM). The result is shown 

in Figure 4. These results indicate that the FPU systems with 

different modified monomers (linalool and terpineol) contents 

possess similar cell structures. Therefore, the changes in the 

compression properties of the different FPU specimens are 

mainly due to the alterations resulting from the introduction 

of flexible or rigid structures.

Antibacterial Properties of the Linalool-modified FPUs     

and the Terpineol-modified FPUs. In compliance with ISO     

22196:2007 standards, Escherichia coli (ATCC 25922) was 

selected as the test organism for antibacterial evaluation. The 

antimicrobial performance of different FPU specimens was 

Figure 4. SEM images for the linalool-modified FPUs and the terpineol-modified FPUs.

Figure 5. Photographs of Escherichia coli for different FPU specimens: (a) antibacterial rate of Escherichia coli for different the linalool-

modified; (b) terpineol-modified; (c) FPU specimens.
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quantitatively determined through the dynamic contact method. 

Prior to analysis, all FPU specimens underwent sequential sol-

vent cleaning (ethanol/deionized water, 3 cycles) followed by 

vacuum-drying at 100 ℃ for 24 h to eliminate organic residues          

and achieve constant mass (±0.2% weight variation tolerance).

Figure 5 illustrates the photographs and elimination rate of 

Escherichia coli following 24 hours of contact with the different 

FPU specimens. As presented in Figure 5(b), with the incre-

mental addition of linalool, the bactericidal rate of the linalool 

modified FPUs against Escherichia coli escalated from 10.7% 

to 98.4%. Simultaneously, as depicted in Figure 5(c), as the 

amount of terpineol added increased, the bactericidal rate of 

the terpineol-modified FPUs against Escherichia coli rose from 

8.8% to 98.4%. These outcomes suggest that the modified FPUs 

maintain the intrinsic antibacterial characteristics of linalool 

and terpineol.

Conclusions

In this work, two series of antibacterial modified FPUs with 

inherent antibacterial properties were successfully obtained by 

introducing linalool and terpineol into commercial FPU systems. 

After the introduction of the natural antibacterial alcohols (lin-

alool and terpineol), the thermal stability and antibacterial per-

formance of the modified FPU systems were both significantly 

improved. The Td5% values of linalool-modified FPU systems 

increased from 278 ℃ to 292 ℃, whereas terpineol modified         

FPU systems rose from 278 ℃ to 288 ℃. Meanwhile, the bac-           

tericidal rate of linalool-modified FPU systems increased 

from 10.7% to 98.4%, while terpineol-modified FPU systems 

demonstrated a similar tetrend, the bactericidal rate rose from 

8.8% to 98.4%.

In summary, the integration of linalool or terpineol into FPUs 

imparts significant antibacterial efficacy, enabling the design of 

advanced antibacterial FPUs for practical applications. Cer-

tainly, this study has limitations, particularly regarding the long-

term service stability of FPUs. In future research, we will focus 

on investigating the long-term antibacterial properties of FPUs.
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