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Seashell waste bio-filler in polymeric material composites sustainably 
improves insulating performance. This study focuses on polyurethane 
foam composites (PUFc) reinforced with seashell waste powders and the 
effects of shell type, particle size, and filler loading on physical and 
mechanical properties and thermal conduction. Oyster, green mussel, and 
cockle shells were processed into 20, 40, and 80 mesh sizes and 
integrated into PUF at 10 to 30 wt% using the closed-mold method. 
Material characterization results shown by X-ray fluorescence analysis 
revealed calcium carbonate contents of 91 to 96 wt% in all shells. PUF 
with 20 wt% fillers, at 40 mesh, increased density, hardness, tensile 
strength, and compressive strength compared with neat PUF. The optimal 
formulation, oyster shell density (191 kg/m³), and cockle shell achieved a 
hardness of 86.7 Shore A. Tensile and compressive strengths were 1580 
and 1352 kPa, respectively. Thermal conductivity slightly increased with 
filler additions. The optimal formulation of 20 wt% at 40 mesh oyster shell 
was 0.0472 mW/mK. However, water absorption increased with increasing 
filler content and particle size. Scanning electron microscopy-energy 
dispersive X-ray microstructural observations indicated improved filler 
dispersion and preserved closed-cell morphology at 20 wt%, 40-mesh filler 
loadings, values supporting the suitability of seashell-reinforced PUF as a 
sustainable building insulation material. 
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INTRODUCTION 
 

Insulation materials have proven to be an effective technology for reducing energy 

consumption and thus contributing to the sustainability of buildings (Hernando Castro et 

al. 2025). However, roof insulation solutions vary according to the different types of 

insulation materials used and make unique demands on technology and execution. Roof 

insulation is considered one of the most effective methods employed in residential and 

industrial buildings for saving energy and lowering energy costs. As a result, there is less 

heat loss, less noise transmission, increased energy efficiency, as well as potential fire and 

moisture resistance. Moreover, each material has its own advantages and disadvantages, 

which must be carefully chosen according to their physical, mechanical, and thermal 

properties. Effective thermal insulation materials exhibit low thermal conductivity 

(typically 0.045 to 0.070 W/(m·K) for bio-based composites), low density (<200 kg/m³), 

low water absorption (<15%), and compressive strength ranging from several hundred to 
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several thousand kPa, depending on their composition and structure, thereby ensuring 

durable thermal performance (Asfaw et al. 2024; Luo et al. 2026). Effective insulation 

reduces heat transfer, absorbs sound, improves energy efficiency, and provides fire and 

moisture protection. However, each material has its benefits and drawbacks, so careful 

selection is important based on physical, mechanical, and thermal properties (Deraman et 

al. 2022; Dukarska et al. 2022). 

Polyurethane foam (PUF) is one of the most widely used plastic materials for many 

different applications. The PUF market continues to grow steadily, with its global value 

estimated at USD 49.5 billion in 2023 and projected to reach USD 67.8 billion by 2028, 

reflecting a compound annual growth rate of 6.5% (Wieczorek et al. 2025). PUF is 

considered a sustainable material. In engineering applications beyond insulation, PUF 

replaces plastics and metals (Barszczewska-Rybarek et al. 2022). Insulation material is 

valued for its great thermal performance, easy application, light weight, and water 

resistance (Wiyono et al. 2016; Fidan and Ertaş 2020). Thereafter, PUF materials exhibit 

porosity exceeding 95%, primarily due to closed pores. This contributes to low thermal 

conductivity, high compressive strength, and a wide applicable temperature range (−110 to 

200 °C). Additionally, PUF materials have low water absorption, excellent anti-

degradation properties, and strong bonding performance (Wang et al. 2023). A 

considerable number of studies have reported that PUF with wood and bamboo fibers and 

rice husks resulted in increased compressive strength and low thermal conductivity of 

0.045 to 0.065 W.m⁻¹K⁻¹. The material is regarded as environmentally friendly and 

lightweight. It has been deemed suitable for application as building bio-based thermal 

insulation (Shao et al. 2020). The PUF reinforced with natural henequen fibers exhibits 

promising potential as a sustainable material, with compressive yield stress and flexural 

strength increasing by up to 71% and 40%, respectively (Pech-Can et al. 2024). However, 

PUF exhibits low fire resistance and releases smoke and toxic combustion products during 

burning, which has driven the development of environmentally friendly PUF composites 

(Olcay and Kocak 2022).  

Seashell waste has become an increasingly important environmental issue 

associated with the rapid growth of shellfish production worldwide. Every year, the global 

production of waste oyster, clam, scallop, and mussel shells reaches close to 10 million 

tons. The disposed shells are frequently dumped at sea or sent to landfills, where they 

modify soils, waters, and marine ecosystems, thereby creating environmental pollution 

problems (Suryawanshi et al. 2019; Popovic et al. 2023). Waste seashells from aquaculture 

are a major source of biogenic calcium carbonate and can potentially substitute for 

conventional ground calcium carbonate. Seashells consist primarily of calcium carbonate 

(CaCO₃), accounting for approximately 95% of their composition. Previous studies 

reported that oyster shell powder improved the maximum elongation of polymer 

composites. In addition, seashell-derived CaCO₃ exhibits high thermal stability and resists 

decomposition at temperatures between 500 and 700 °C, which may contribute to improved 

thermal stability and fire resistance of polyurethane foam composites (Basile et al. 2024). 
In Thailand, seashells have been increasingly utilized, and seashell farming and production 

have increased (Srichanachaichok and Pissuwan 2023). Consequently, there has been an 

increase in seashell waste. The seafood industry reports producing around 50,000 tons of 

shell waste annually (Smithmaitriea et al. 2020). Over 10 million tons of seashells 

produced annually worldwide, with oyster, cockle, scallop, and mussel shells accounting 

for more than 70% of this total, and when shell waste is combined with bioplastics it 

enables sustainable, eco-friendly materials for applications in the packaging, construction, 
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and automotive industries (Stopic et al. 2023). This shell waste can pollute the area where 

it is discarded due to the bad smell from the decomposition of residual attached meat and 

greenhouse gas emissions from the seashells (Zhan et al. 2021). These shell wastes can be 

used as a bioresource and composite biological material linked with multifunctional roles 

in sustaining ecosystem services. Additionally, shells offer mechanical strength and 

structural support to PUFc (Chakraborty et al. 2020). 

Insulation composite materials (ICM) with polyurethane content are increasingly 

being used as insulators for roofs, floors, ceilings, and walls due to their reasonable cost 

and excellent heat and sound absorption characteristics (Wang et al. 2023). There is also a 

significant trend to improve the overall properties of such mechanical and thermal 

improvements manufactured from polyurethane. Manufacturing foam-type polyurethane 

engineered composites reinforced with various types of additives is one of the approaches 

to enhance not only their mechanical properties but also other characteristics, including 

thermal insulation quality (Akdogan and Soykan 2025). Using waste material from 

seashells as a reinforcement agent to produce polyurethane foam composite (PUFc) would 

be considered an alternative way to improve the overall properties of such engineered panel 

products. The incorporation of tidal seashell powder into epoxy composites increased 

density (2%) and improved tensile strength in the range of 10 to 17 MPa; however, 

excessive filler content reduced mechanical performance due to agglomeration effects 

(Kıstak et al. 2025). It is obvious that productively value-added composites reinforced with 

underutilized material will be environmentally friendly and reduce the adverse impact of 

waste in the form of landfills and pollution. Currently, limited information is available 

regarding the comparative effects of different seashell species on the physical, mechanical, 

and thermal performance of polyurethane foam composites. Furthermore, limited 

information exists on the mechanical performance of polymer-based panel systems. In this 

study, oyster, cockle, and green mussel shells were selected as reinforcing fillers for 

PUFc. According to the Department of Fisheries, Thailand, these three species represent 

the major cultivated marine shellfish in Thailand, accounting for 49.43%, 36.04%, and 

14.53% of total production in 2024, respectively. Therefore, they constitute the most 

abundant and readily available sources of seashell waste. The working hypothesis is that 

differences in shell type, composition, and particle size distribution among oyster, cockle, 

and green mussel shells may lead to varying reinforcing efficiencies in PUF systems. 

Acco r d i ng l y , the objective of this study was to develop polyurethane foam composites 

reinforced with oyster, cockle, and green mussel shell powders and to evaluate their 

physical, mechanical, and thermal properties for building insulation applications. These 

PUFc reinforced with CaCO₃ derived from seashell waste may be suitable for rigid roof 

insulation and prefabricated building components such as wall panels and cold storage 

systems. Because of their low density and moisture resistance, these materials are expected 

to perform reliably under humid and elevated temperature conditions. The addition of 

CaCO₃ also is expected to improve mechanical integrity, enabling the composites to 

withstand structural loading. Compared with conventional insulation materials, the 

composites exhibit comparable thermal performance without an increase in density. 

Improved mechanical properties extend their applicability to load-bearing structural 

applications, whereas the incorporation of seashell-derived fillers facilitates waste 

valorization and reduces dependence on chemical additives, thereby enhancing their 

potential for energy-efficient construction. 
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EXPERIMENTAL 
 

Materials 
PUF, a commercial rigid polyurethane made from polyol (agent A) and isocyanate 

(agent B), was supplied by Dow Chemical Thailand, namely VORACOR™ CM938 polyol 

and PAPI™ 27/135C polymeric MDI. The polyol component had a hydroxyl number of 

270 to 310 mg KOH/g, a viscosity of 700 to 1000 mPa·s, and a specific gravity of 1.02 

g/cm³. The polymeric MDI (pMDI) exhibited an NCO content of 31.0%, a viscosity of 210 

mPa·s, and a specific gravity of 1.23 g/cm³. The two components were mixed at a weight 

ratio of 1:1 to preparation. Three seashell wastes for reinforcement were oyster 

“Crassostrea gigas,” mussel “Perna viridis,” and cockle “Anadara granosa” collected 

from the coastal area of the Gulf of Thailand. Thereafter, seashells were thoroughly cleaned 

and then sun-dried for two days before being oven-dried at 100 °C for 1 h. Subsequently, 

seashells were ground to a fine powder using a ball mill at 350 rpm for 5 to 10 min. Seashell 

powder was sieved into three particle size ranges: 20 mesh (0.841 mm), 40 mesh (0.400 

mm), and 80 mesh (0.149 mm), as shown in Fig. 1.   

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1. Type and particle size of seashells 

 

 
 
 
 
 
 

Fig. 2. Sample processing preparation 

 

Methods 
Preparation of sample 

The manufacturing process for preparing PUFc material insulation (Li et al. 2019) 

is close-mold compressive, with the mold designed and created by the 3D printing process. 

Initially, polyol was mixed with seashell waste, stirring at 1200 rpm for 60 s. The mixture 

was then subjected to the addition of isocyanate, which was stirred at 1200 rpm for 30 s to 

initiate the polymerization. Based on the application, the reactive liquid was poured into a 

mold. Afterwards, the PUF composite material was cured at room temperature for 1 h to 

allow the solid stage. Finally, PUFc was sawn to the desired dimension before testing the 

specimens, shown in Fig. 2. 
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Experimental design  

The experimental design used a full factorial design because there were 3 factors 

and 3 levels (seashells: oyster, mussel, and cockle; ratio: 10, 20, and 30 wt%; and particle 

size: 20, 40, and 80 mesh) being studied. The composites were coded as PU/OYx–yM, 

where x denotes filler loading (wt%) and y indicates particle size (mesh), which are 28 

constraints shown in Table 1. These PUF composites were evaluated for chemical structure 

(X-ray Fluorescence (XRF)), density, hardness, tensile strength, compressive strength, 

thermal conductivity, and water absorption. The microstructure was investigated using 

Scanning Electron Microscopy (SEM). The optimal formulation was determined based on 

a performance assessment of PUFc.  
 

Table 1. The Formulation Proportions Code of the PUFc 

No PUFc Code No PUFc Code No PUFc Code No PUFc Code 

1 PU100 8 PU/Oy10-20M 15 PU/Mu20-40M 22 PU/Co30-80M 

2 PU/Oy10-80M 9 PU/Oy20-20M 16 PU/Mu30-40M 23 PU/Co10-40M 

3 PU/Oy20-80M 10 PU/Oy30-20M 17 PU/Mu10-20M 24 PU/Co20-40M 

4 PU/Oy30-80M 11 PU/Mu10-80M 18 PU/Mu20-20M 25 PU/Co30-40M 

5 PU/Oy10-40M 12 PU/Mu20-80M 19 PU/Mu30-20M 26 PU/Co10-20M 

6 PU/Oy20-40M 13 PU/Mu30-80M 20 PU/Co10-80M 27 PU/Co20-20M 

7 PU/Oy30-40M 14 PU/Mu10-40M 21 PU/Co20-80M 28 PU/Co30-20M 

 

Characterization of PUFc 

The characteristic testing methodologies of PUFc insulation materials were 

according to ASTM standards. The evaluation process involved assessing the mechanical, 

physical, and thermal conductivity properties of specimens under representative 

conditions. This process ensured the reproducibility and validity of the results, reinforcing 

the composite material’s suitability for industrial insulation. 

X-ray Fluorescence (XRF): The Zetium XRF spectrometer and XRF analysis of 

seashells were used to determine the elemental composition and calcium carbonate 

(CaCO₃) content, which are both components of seashells. 

Density: Following ASTM D3574 (2017) Test A, the specimens of regular squares 

were 50 mm × 50 mm × 25 mm, with three specimens tested each. The density was 

calculated in kilograms per cubic meter. 

Hardness: Following ASTM D2240 (2015) Shore A durometer, the specimens were 

50 mm × 50 mm × 25 mm, with three specimens tested per sample. 

Tensile strength: Following ASTM D3574 (2017) Test E, the dumbbell specimens’ 

thickness was 6 mm at a speed of 3 mm/min, testing three specimens per sample. 

Compressive strength: Following ASTM D1621 (2023), the test specimens were 

50 mm × 50 mm × 25 mm, testing three specimens per sample. The compression was 

obtained from the stress-strain curve at a deformation of 10%. 

Thermal conductivity: The thermal conductivity was measured using a FOX 200 

heat flow meter (TA Instruments) in accordance with ASTM C518 (2017). The specimens 

had dimensions of 100 mm × 100 mm × 50 mm, and three specimens were tested for each 

sample. 

Water absorption: In accordance with ASTM D570-98 (2018), specimens 

measuring 50 mm × 50 mm × 25 mm were utilized, with three specimens tested each 

sample. 
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Scanning electron microscopy-energy dispersive X-ray (SEM-EDX): An FEI 

Quanta SEM was used for elemental mapping with an EDX detector, model XMAX 03. 
 
Statistical analysis 

Statistical analyses were performed using the statistical software (Minitab, LLC, 

version 22.4, State College, PA, USA). All experiments were conducted in triplicate, and 

the results are presented as mean ± standard deviation. Differences among groups were 

evaluated using one-way analysis of variance (ANOVA), followed by Tukey’s honestly 

significant difference (HSD) test at a significance level of p < 0.05. 
 
 

RESULTS AND DISCUSSION 
 

XRF Analysis  
The XRF results and calculated calcium carbonate (CaCO₃) content were estimated 

from XRF analysis in seashell waste to determine their compositions, with calcium 

reported as calcium oxide (CaO). Seashell waste material was the assumption of CaCO₃. 

Consequently, CaO contents from XRF analysis were converted to CaCO₃ using 

stoichiometric molar mass relationships. The conversion from CaO to CaCO₃ was based 

on the molar masses of CaO (56.077 g·mol⁻¹) and CaCO₃ (100.086 g·mol⁻¹), resulting in a 

conversion factor of 1.7848. The CaCO₃ content was calculated using Eq. 1. The results of 

the CaCO₃ content in seashell waste are summarized in Table 2. The analyzed seashell 

wastes exhibited high CaCO₃ contents ranging from 91 to 96 wt%, with cockle shell 

showing the highest proportion. In addition to CaCO₃, minor amounts of Na₂O, MgO, 

Al₂O₃, SiO₂, P₂O₅, SO₃, K₂O, Fe₂O₃, and SrO were detected by XRF. These constituents 

accounted for approximately 4 to 9 wt.% of the shell composition.  Such elevated CaCO₃ 

levels confirm the mineral-rich nature of the biogenic materials and indicate their potential 

suitability as sustainable bio-fillers in composite applications. Comparable CaCO₃ contents 

in seashell waste have been reported in recent studies employing XRF-based stoichiometric 

conversion methods (Ahad et al. 2023), demonstrating strong agreement with previously 

published findings. CaCO3 content was calculated as follows: 

  CaCO3 (%) = CaO (%) × 1.7848       (1) 

 

Table 2. CaO Concentrations and Calculated CaCO₃ Contents of Seashells 
Waste 

Seashells CaO (wt%) CaCO₃ (wt%) 

Oyster 52.49 93.69 

Cockle 53.71 95.84 

Green Mussel 51.22 91.41 

 
Density of the Samples 

The density testing results, as shown in Fig. 3 indicated that for PU100 (95.07 

kg/m³), the incorporation of seashell-derived CaCO₃ at 10 to 20 wt% increased the 

composite density, with measured values ranging from 69 to 192 kg/m³. The highest 

densities were obtained at 20 wt% filler content with 40 mesh. Under this condition, the 
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oyster shell composite reached 191 kg/m³, followed by green mussel (186 kg/m³) and 

cockle shell (174 kg/m³). The increase in density at 20 wt% is attributed to improved solid 

content within the polymer matrix and restriction of foam expansion during cell formation. 

At this loading level, particle dispersion was sufficient to enhance structural compactness 

without severely disrupting cell growth. However, when the filler loading was increased to 

30 wt%, the density decreased. This reduction is associated with particle agglomeration 

and non-uniform cell development, which can introduce voids within the foam structure. 

Density is also influenced by particle size. Composites prepared with 20 mesh showed 

lower densities, which is likely due to less uniform dispersion in the reactive mixture. In 

contrast, 40 and 80 mesh produced higher densities than neat PU, indicating greater 

restrictions on expansion during foaming. 

Similar trends have been reported for CaCO₃-filled polyurethane systems, where 

moderate filler contents improve structural compactness, whereas excessive loading 

promotes agglomeration and morphological irregularity (Ahad et al. 2023; Kıstak et al. 

2025). Particle-size effects on interfacial contact and dispersion efficiency have likewise 

been observed in waste-derived filler composites (Kuciel et al. 2024). 

 

 

Fig. 3. Density of PUFc 

 

Hardness of the Samples 
The hardness result, as shown in Fig. 4, indicated that PU100 exhibited a Shore C 

hardness of 70.53 and served as the reference biomaterial. Incorporating seashell waste 

fillers in proportions of 10 wt% and 20 wt% increased hardness compared with PU100. 

The hardness of the PUF composites ranged from approximately 75.7 to 83.8 at 10 wt% 

and 77.3 to 86.7 at 20 wt%, with cockle shells exhibiting the highest hardness, followed by 

those containing green mussel shell-reinforced filler and oyster shell-based filler. In 

contrast, increasing the seashell filler content to 30 wt% reduced the hardness, with values 

ranging from 56.2 to 71.0. Particle sizes of 80 mesh and 40 mesh increased in hardness, 

ranging from 67.0 to 86.9 at 80 mesh, 69.9 to 86.7 at 40 mesh, and 66.4 to 82.3 at 20 mesh. 

Hardness tended to increase when seashell particle sizes of 80 and 40 mesh were 

incorporated as filler infill from 10 wt% to 20 wt%, indicating effective reinforcement and 

improved hardness within the polyurethane matrix. In contrast, the use of a coarse particle 

size of 20 mesh at a high filler infill of 30 wt% resulted in a noticeable reduction in 

hardness. This decrease is likely associated with poor particle dispersion and disruption of 
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the foam structure at excessive filler content, which adversely affected the mechanical 

integrity of PUF composites. The hardness results indicated that all types and proportions 

of seashells with 20 wt% filler content and 40 mesh showed high hardness values. Adding 

bio-seashells enhanced the surface resistance properties, which is desirable for ICM. 

The hardness values obtained in this study (75.7 to 86.7 Shore C) were within the 

range reported for CaCO₃-filled polyurethane composites in previous studies. Similar 

improvements in hardness at moderate CaCO₃ loadings have been reported in polyurethane 

systems, where enhanced rigidity and improved stress transfer occur at 10 to 20 wt% filler 

content, while excessive loading (> 30 wt%) leads to agglomeration and reduced 

mechanical performance (Ahad et al. 2023). Particle size effects have also been 

documented, with finer CaCO₃ fractions promoting better dispersion and interfacial 

interaction compared with coarse particles (Kuciel et al. 2024). 

 

 
Fig. 4. Hardness of PUFc 

 
Tensile Strength of the Samples 

Results of tensile tests of the samples are displayed in Figs. 5 and 6. The PU100 

was 727 kPa (60 N). The addition of seashell fillers improved tensile strength, with cockle 

shell composites showing the highest values, followed by oyster shell and green mussel. 

Green mussel composites exhibited lower strength, particularly at larger particle sizes and 

higher filler contents. Particle size had a strong effect, as 40 mesh consistently provided 

higher tensile strength than 80 or 20 mesh. The 20 mesh filler is expected to have reduced 

performance due to stress concentration and weaker interfacial bonding. Increasing filler 

content from 10 to 20 wt% enhanced tensile strength, whereas 30 wt% caused a 
considerable decrease, which is attributed to particle agglomeration and cell structure 

disruption. The highest tensile strength (1580 kPa) was obtained for PU/Co20–40M (130 

N), more than twice that of PU100, while 30 wt% at 20 mesh showed the lowest values. 

Optimal tensile performance was achieved with cockle shells at 40 mesh and 20 wt% 

loading. 

The tensile strength enhancement observed at moderate filler contents (10 to 20 

wt%) is consistent with previous studies on CaCO₃-modified polyurethane foams. For 

example, Kustiyah et al. (2022) reported that PUF coated with low fractions of CaCO₃ 

exhibited improved tensile strength and changes in cell morphology attributable to the 

incorporation of the mineral phase. The effect of CaCO₃ on reinforcing foam structure 

suggests that filler distribution and interaction with the matrix are critical factors 
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influencing mechanical performance. Moreover, other reports indicate that varying CaCO₃ 

contents can modify mechanical properties in PUF systems, implying that optimal filler 

loading is necessary to balance reinforcement without inducing structural disruption at 

higher contents (Ebereonwu et al. 2022). 

 

 
Fig. 5. Tensile strength of PUFc 

 

 

Fig. 6. Load vs Displacement of PUFc 

 

Compressive Strength of the Samples 
The compressive strength of PU100 was 299 kPa (675 N), as shown in Figs. 7 and 

8. The addition of seashell fillers improved compressive strength. Cockle shell composites 

exhibited the highest values, followed by oyster shell and green mussel shell. In particular, 

cockle shell provided superior load-bearing capacity and stress transfer under compression, 

while green mussel composites showed lower performance, especially at larger particle 

sizes and higher filler contents. Particle size had a strong influence, as 40 mesh consistently 

produced higher compressive strength than 80 and 20 mesh. This suggests improved 

dispersion and reinforcement at 40 mesh, whereas 20 mesh reduced strength due to non-

uniform stress distribution and premature foam cell collapse. Increasing filler content from 

10 wt% to 20 wt% enhanced compressive strength, but 30 wt% led to a sharp decline, 
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which was attributed to cell structure disruption and particle agglomeration. The highest 

compressive strength (1350 kPa) was obtained for PU/Co20–40M (3467 N), more than 

four times that of PU100. In contrast, composites with 30 wt% at 20 mesh showed the 

lowest values. Optimal compressive performance was achieved using cockle shells at 40 

mesh with 20 wt% loading, promoting structural stability and efficient stress distribution. 

 The increase in compressive strength with up to 20 wt% seashell content is 

consistent with reports on CaCO₃-filled PUF, where adding filler improved compressive 

performance by reinforcing the cellular structure and enabling more effective stress transfer 

between particles and the polymer matrix (Choe et al. 2020). Similar trends have been 

observed with moderate additions of inorganic or fiber-based fillers, which enhanced 

compressive strength and modulus relative to unmodified PUF, provided that adequate 

dispersion and cell integrity were maintained (Bello and Yan 2024). 

 

 

Fig. 7. Compressive strength of PUFc 

 

 

Fig. 8. Load vs Displacement of PUFc 
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Water Absorption of the Samples 
Water absorption of PU100 was low (2.09 wt%), as shown in Fig. 9. The 

incorporation of seashell fillers increased water uptake, depending on filler characteristics 

and loading level. Among the seashell types, oyster shell composites showed the lowest 

water absorption, followed by cockle shell and green mussel, while green mussel exhibited 

the highest values, particularly at higher loadings. Particle size had a clear effect. 

Composites with 20 mesh showed higher water absorption than those with 40 and 80 mesh 

due to interfacial voids and microgaps that facilitated water penetration. In contrast, 80 

mesh resulted in lower water uptake, indicating improved dispersion and reduced porosity. 

Water absorption increased with increasing filler content. Composites with 10 and 20 wt% 

filler exhibited relatively low values, while 30 wt% considerably increased water uptake. 

The highest value (35.7 wt%) was observed for PU/Mu30–20M. Overall, moisture 

resistance was lowest using oyster shell, fine particles (80 mesh), and low filler content (10 

wt%). 

Similar behavior has been reported in bio-filled polyurethane foams. Anwar et al. 

(2023) found that filler incorporation modified cell morphology and increased water uptake 

compared with neat foams, emphasizing the role of filler distribution and foam structure in 

moisture absorption. These findings support the present results that water uptake in PUF 

composites is governed by both filler characteristics and cellular structure. 

 

 

Fig. 9. Water absorption of PUFc 

 
Thermal Conductivity of the Samples 

As shown in Fig. 10, oyster shell thermal conductivity yielded the lowest values 

among the fillers, followed by cockle and green mussel shells. PU100’s thermal 

conductivity was 45.1 mW/mK, but the others were not considerably different. The 

addition of seashell powder slightly increased thermal conductivity. Composites with 20 

mesh showed higher thermal conductivity than those with 40 and 80 mesh, while 80 mesh 

generally maintained lower values. Increasing filler content from 10 to 30 wt% caused a 

gradual rise in thermal conductivity due to additional heat transfer pathways. The highest 

value (57.8 mW/mK) was obtained for PU/Gr30–20M, whereas the lowest (48.0 mW/mK) 

was observed for PU/Oy10–80M. Filler contents of 10 to 20 wt% combined with small to 

medium particle sizes, particularly oyster shell, were more effective in maintaining 

insulation performance, yielding thermal conductivity values close to those of PU100 and 

making this formulation optimal for insulation applications. 

file:///D:/เนื้อหาเรียน%20PHD/งานเขียน%20paper/paper%202/Reference%20paper%202/Bioresource/26%20Anwar%202023.docx
file:///D:/เนื้อหาเรียน%20PHD/งานเขียน%20paper/paper%202/Reference%20paper%202/Bioresource/26%20Anwar%202023.docx


 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Kaewjang & Ratanawilai (2026). “PUF foam w/ shell,” BioResources 21(4), 11228-11246.  11239 

Several recent studies on rigid PUF with inorganic fillers have reported similar 

thermal conductivity behavior, where the addition of mineral particles caused modest 

increases in thermal conductivity values, particularly at higher filler contents. The thermal 

conductivity showed an increasing trend with increasing filler content. This behavior is 

often linked to the formation of continuous solid conduction paths within the foam and 

changes in cellular architecture that facilitate heat transfer through the matrix. Similar 

observations have been reported for PUF reinforced with microspheres (Hadała et al. 

2024). Additionally, reviews of thermal properties in PUF systems show that both filler 

characteristics and cell morphology affect heat-transfer performance, with finer and more 

uniformly distributed particles limiting conductivity increases compared with coarse or 

poorly dispersed fillers (Fadhil et al. 2024). 

 

 
Fig. 10. Thermal conductivity of PUFc 

 

SEM–EDX of the Samples 
The microstructure and elemental distribution of PUFc reinforced with seashell 

powders were examined by SEM and EDX (Figs. 11 and 12). PU100 exhibited a uniform 

closed-cell structure with smooth and regular cell walls. The addition of seashell fillers 

altered the foam morphology depending on shell type, particle size, and filler content. The 

comparatively uniform cellular structure of the PUF matrix was indicative of its 

exceptional compatibility with oyster shell composites, particularly at low filler loading 

and fine particle size. In contrast, composites composed of green mussel and cockle shells 

exhibited increased cell wall irregularity and deformation, which was further exacerbated 

by the addition of higher filler concentrations. The particle size exerted a considerable 

influence. Composites with 80 mesh retained more uniform cells, while 40 mesh showed 

moderate distortion. Samples including 20 mesh particles had abnormal cells and partial 

wall breakage resulting from agglomeration and disruption of cell development. 

Augmenting filler material from 10 to 30 wt% progressively compromised the cellular 

architecture. At 10 wt%, the dispersion was comparatively uniform. At 30 wt%, cell 

coalescence and wall failure were apparent, especially with 20 mesh. The matrix contained 

Ca, C, and O, as confirmed by EDX. Localized Ca-rich regions were observed at 30 wt% 

and 20 mesh, suggesting agglomeration, while uniform Ca distribution was observed at 

low to moderate filler contents with finer particles. These regions corresponded to 

structural discontinuities in SEM. Overall, foam shape was maintained, and dispersion was 
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enhanced by a low to moderate filler concentration (10 to 20 wt%) with a finer 80 mesh. 

The structural disruption resulted from oyster shell, whereas cockle shell demonstrated a 

more considerable morphological alteration with high loading compared to the other 

additives. 

The impact of CaCO₃ filler on the microstructure and mechanical properties of PUF 

composites aligns with recent research findings. Kustiyah et al. (2022) showed that 

chitosan-coated CaCO₃ changed the pore architecture and improved tensile strength and 

thermal stability in PUF. SEM images showed denser cell packing at optimal filler 

concentrations, indicating that surface-treated CaCO₃ fillers changed foam morphology 

and compressive properties in rigid PUFc, emphasizing how filler surface features affect 

cellular structure and load distribution. 
 

 
 

Fig. 11. The EDX images of the PUFc (Magnification: x50, Accelerating voltage: 15 kv) 
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Fig. 12. The SEM images of the PUFc (Magnification: x100, Accelerating voltage: 15 kv) 

 

Table 3. Mean Values and Groups Resulting from the Tukey Analysis of PUFc 
 

 
PUFc Code 

Density 
(kg/m3) 

Hardness 
(Shore A) 

Tensile 
Strength 

(kPa) 

Compressive 
Strength 

(kPa) 

Water 
Absorption 

(%) 

 

PU100 95.07E F G H 70.53B C D E F G 727E F G H I 299E F G H 2.09H  

PU/Oy10-80M 122.91C D E F 76.73A B C D E F 1010C D E F 581C D E 3.09G H  

PU/Oy20-80M 140.41B C D 77.27A B C D E 1103B C D E 857B C 3.35G H  

PU/Oy30-80M 88.67F G H 70.07C D E F G 400I J 67H 13.16F  

PU/Oy10-40M 123.25C D E F 80.93A B C D E 1183A B C D 762C 3.27G H  

PU/Oy20-40M 191.49A 84.67A B C 1280A B C 1305A 3.11G H  

PU/Oy30-40M 71.68H 61.67F G 297J 83H 22.04C D E  

PU/Oy10-20M 105.99D E F G H 75.73A B C D E F 857D E F G 193F G H 14.86D E F  

PU/Oy20-20M 114.77D E F G 72.07A B C D E F 657F G H I J 370D E F G 13.84E F  

PU/Oy30-20M 91.80F G H 66.80D E F G 360I J 103G H 26.24B C  

PU/Mu10-80M 123.94C D E F 81.67A B C D 1013C D E F 616C D 7.36F G H  

PU/Mu20-80M 183.06A 85.40A B 1137B C D 848B C 7.45F G H  

PU/Mu30-80M 74.24H 67.00D E F G 307J 111G H 22.30C D  

PU/Mu10-40M 132.37C D E 82.80A B C 1087B C D E 802C 4.74G H  

PU/Mu20-40M 185.68A 84.20A B C 1280A B C 1268A 6.81F G H  

PU/Mu30-40M 73.11H 56.20G 483G H I J 81H 22.37C D  

PU/Mu10-20M 95.22E F G H 77.87A B C D E 653F G H I J 185F G H 13.84E F  

PU/Mu20-20M 140.47B C D 82.27A B C 1077B C D E 445D E F 8.18F G H  

PU/Mu30-20M 69.26H 66.40E F G 433H I J 52H 35.68A  

PU/Co10-80M 154.30A B C 83.80A B C 1273A B C 608C D 3.07G H  

PU/Co20-80M 174.45A B 85.47A B 1443A B 1094A B 3.37G H  

PU/Co30-80M 74.13H 61.73E F G 503G H I J 105G H 27.49A B C  

PU/Co10-40M 140.73B C D 83.40A B C 1207A B C D 1150A 8.56F G H  

PU/Co20-40M 173.67A B 86.67A 1580A 1352A 4.60G H  

PU/Co30-40M 82.13A B 69.87C D E F G 327J 198F G H 29.50A B C  

PU/Co10-20M 124.68C D E F 79.27A B C D E 617F G H I J 255F G H 13.09F  

PU/Co20-20M 141.00B C D 79.47A B C D E 810D E F G H 277F G H 11.28F G  

PU/Co30-20M 98.70E F G H 71.00B C D E F G 333I J 148G H 33.15A B  

* Means with the same letters are not significantly different (Tukey HSD, p < 0.05), n = 3) 

 

500 µm 500 µm 500 µm 500 µm 
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Statistical Analysis 
Mean values and Tukey groupings showed significant effects (p < 0.05) (Saadaoui 

et al., 2017; Fidan and Ertaş 2020) for the mechanical property of PUFc reinforced with 

bio-CaCO₃ fillers from oyster, green mussel, and cockle shells, as shown in Table 3. The 

results indicate that filler concentration and particle size greatly affected PU mechanical 

performance and moisture behavior. Addition of CaCO₃ increased mechanical 

characteristics by enhancing stress transmission between the polymer matrix and foam cell 

walls (Choe et al., 2020). Furthermore, CaCO₃ acted as a nucleating agent during foaming, 

encouraging a homogeneous cellular structure and increased mechanical strength (Fidan 

and Ertaş 2020). The formulation with the highest tensile and compressive strengths was 

observed at 20 wt% filler loading and a particle size of 40 mesh. However, increasing the 

filler concentration to 30 wt% decreased mechanical characteristics due to particle 

agglomeration and foam structure rupture. Similarly, water absorption increased with 

higher filler loading, which was likely due to increased porosity and microstructural defects 

in the PU matrix. Previous studies also reported that excessive filler loading negatively 

affects the mechanical performance of PU (Dukarska et al. 2022; Bello and Yan 2024). 

Thus, shell-derived CaCO₃ at 20 wt% and 40 mesh is considered an optimal condition for 

enhancing PUFc. 

 

 

CONCLUSIONS 
  

1. Seashell waste was shown to be an efficient and sustainable bio-filler for polyurethane 

foam composites (PUFc). The X-ray fluorescence (XRF) analysis indicated that all 

examined seashell varieties were primarily composed of CaCO₃ (91 to 96 wt%), 

affirming their appropriateness as mineral fillers and supporting marine waste 

valorization. 

2. The primary factors influencing the efficacy of PUFc were filler type, particle size, and 

filler loading, as these factors affected foam morphology. These parameters directly 

influenced the quality of dispersion and cell structure, thereby regulating the physical, 

mechanical, thermal, and moisture-related properties of the composites. 

3. Particle size played a critical role in determining foam morphology and structural 

stability. Fine particles promoted uniform closed-cell structures by limiting cell growth, 

whereas coarse particles resulted in poor dispersion, structural heterogeneity, and 

weakened foam integrity. 

4. At low to moderate filler loadings (10 to 20 wt%), constrained foam expansion and 

elevated solid percentage improved density and structural integrity. The peak density 

was consistently achieved at 20 wt% filler and 40-mesh particle size, signifying 

excellent dispersion. 

5. Mechanical properties were optimized under these conditions as a result of stable cell 

morphology and improved stress transfer. Cockle shell exhibited the highest 

reinforcing efficiency, achieving a maximum tensile strength of 1580 kPa and a 

compressive strength of 1350 kPa at 20 wt% filler and 40 mesh. In contrast, excessive 

filler loading (30 wt%) caused filler agglomeration, void formation, and cell wall 

rupture, leading to mechanical degradation. 
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6. Thermal and moisture behaviors depended strongly on filler type and content. Although 

thermal conductivity increased moderately with filler additions, all values remained 

within acceptable insulation limits. An optimal balance of properties was achieved at 

10 wt% filler and 80 mesh, where oyster shell-reinforced PUFc exhibited the lowest 

thermal conductivity and water absorption due to better preservation of a uniform 

closed-cell structure. 

7. Cockle shell exhibited the highest mechanical properties, whereas oyster shell showed 

the best insulation performance, with the lowest thermal conductivity and water 

absorption. Green mussel shell displayed intermediate properties. These findings 

confirm that shell type, filler loading, and particle size influence the performance of 

PUFc and should be considered in the development of sustainable insulation materials. 

8. The thermal conductivity, density, water absorption, and compressive strength values 

obtained in this study were generally within the ranges reported for bio-based 

insulation composites (Tesfie et al. 2024; Luo et al. 2026), indicating that seashell-

reinforced PUFc has the potential to be a sustainable bio-based insulation material 

with performance comparable to previously reported bio-based insulation composites. 
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