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Abstract 
 
Rising demand for sustainable, energy-efficient construction materials has driven interest in alternatives such as 
cellulose and kaolin. This study compares their structural and thermal properties using Raman spectroscopy and 
TGA/DTA. Raman results show clear differences: cellulose exhibits characteristic polymer bands at ~1370–
1400 cm⁻¹ (CH bending) and ~1100 cm⁻¹ (C–O–C stretching), while kaolin displays sharp lattice vibration 
peaks between 120 and 500 cm⁻¹ associated with Si–O and Al–O bonds, indicating a more ordered crystalline 
structure. Thermal analysis highlights contrasting stability: cellulose shows minor moisture loss (~2.48%) below 
120 °C but undergoes major degradation between 280 and 360 °C with ~85.92% weight loss, reflecting low 
thermal resistance. In contrast, kaolin experiences its main dehydroxylation stage between 450 and 650 °C and 
retains high residual stability. Overall, kaolin offers superior thermal stability and structural strength, while 
cellulose provides low density and good insulation but limited heat resistance. Their complementary properties 
make them suitable for developing hybrid cellulose–kaolin composites for sustainable, thermally optimized 
construction materials.t.  
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1. Introduction 

The environmental impact of traditional materials such as cement and concrete is substantial, being 

among the top contributors to greenhouse gas emissions and resource depletion (Mora-Ruiz et al., 

2025; Kallayil et al., 2025). Consequently, the global construction industry is moving towards 

sustainable, energy-efficient materials. Biopolymers, including cellulose, have become promising 

alternatives for their renewability, biodegradability, and tunable properties. In particular, cellulose 

shows strong mechanical performance and good thermal insulation, especially in nanostructured form 

or in composites, and thus is suitable for energy-efficient building components (Sumaila et al., 2020; 

Akartasse et al., 2022; Sumaila et al., 2022; Tabaght et al., 2023; Ali et al., 2024; Alwan et al., 2025; 

Amponsah et al., 2025;). 

Conversely, mineral materials like kaolin are extensively utilized because of their availability, 

cheapness, and good physicochemical properties such as high thermal stability and structural strength 

(Azanfire et al., 2025; Mustapha et al., 2020; Sumaila et al., 2017). Performance of clay minerals such 

as kaolin and bentonite in composites depends on the changes in their crystal structure and thermal 

behaviour (Soliman and Shahat, 2026). 

 Due to these enhanced features, clay-based composites have received significant consideration for 

environmental remediation applications (Aboussabek et al., 2026; Dehmani et al., 2026; Mouaki and 

Onescu, 2026). They have been effectively used in the adsorption and photocatalytic degradation of 

organic pollutants, predominantly textile dyes such as methylene blue, methyl orange, methyl red, and 

rhodamine B (Mokhtar et al., 2024; Latifi et al., 2025; Dawood et al., 2025), as well as in the removal 

of lethal heavy metals including As³⁺/As⁵⁺, Cd²⁺, Cr⁶⁺, Cu²⁺, Hg2+, and Pb²⁺from polluted water 

(Oladimeji et al., 2024; Wang et al., 2024). Also, these composites have shown potential performance 

in the treatment of pharmaceutical wastes, pesticides, phenolic compounds, and other emerging 

pollutants owing to their high specific surface area, abundant active adsorption sites, and improved 

photocatalytic activity when incorporated with metal oxides or nanomaterials (Kamel et al., 2025; 

Hublikar et al., 2026). These characteristics make kaolin-based composites sustainable, cost-effective, 

and environmentally friendly materials for wastewater treatment and pollution control, thus 

contributing meaningfully to the advances of safe water resources and an environment (Maia et al., 

2025). 

Although there are many individual studies, there is no systematic comparison between cellulose 

and kaolin, particularly regarding thermal insulation, microstructural evolution, and energy efficiency 

in buildings. Knowledge of these differences is important for the design of environmentally friendly 

materials with optimised thermal and structural performance. Such comparisons may help steer the 
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development of sustainable building solutions that successfully balance insulation, strength, and 

thermal stability. 

2. Materials and methods 

Plant-based commercial microcrystalline cellulose (≥99% purity) was purchased from Sigma-Aldrich. 

The kaolin clay was sourced from a local deposit in Doko, Niger State, Nigeria. Samples were 

prepared using distilled water, cleaned and dispersed using analytical grade ethanol, and homogenised 

using a mortar and pestle, sieves, and an ultrasonic bath. 

Cellulose powder was air-dried for 24 h to remove moisture. Both cellulose and kaolin samples were 

ground in a mortar and pestle and sieved with a 75μm sieve to ensure homogeneity.  

Structural characterizations of the samples were carried out by Raman Spectroscopy with a laser 

wavelength of 532 nm, power: 5–10 mW, and scanning range of 100–2000 cm⁻¹. Thermogravimetric 

Analysis (TGA) was used to evaluate the thermal stability, decomposition temperatures, and residual 

mass of the samples at a heating rate of 10°C/min from 25°C to 800°C under a nitrogen atmosphere.  

3. Results and discussion 

Raman spectroscopy measures the vibrational modes of molecules and crystals, producing distinct 

“fingerprint” spectra for different materials (Figure 1). Each peak corresponds to a specific bond 

vibration or lattice mode, where the peak position (in cm⁻¹) identifies the vibrational mode, and higher 

peak intensity indicates stronger light scattering by that vibration.   

 
 

Fig 1: Raman Spectra of Cellulose and Kaolin 
 

Cellulose exhibits characteristic Raman bands around ~1370–1400 cm⁻¹ (CH bending/deformation) 

and a prominent ~1100 cm⁻¹ band from glycosidic C–O–C stretching, widely used as a key marker, 

along with a broad 1000–1200 cm⁻¹ region linked to strong glycosidic vibrations (Guo et al., 2025; 

Sumaila et al., 2020; Tofanica et al., 2025). These features reflect its semi-crystalline polymer 
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structure, with broad vibrational bands arising from diverse bond types, including C–H and backbone 

C–O–C linkages, rather than sharp phonon peaks typical of crystalline materials. 

In contrast, kaolin’s Raman spectrum is governed by crystal lattice vibrations and Si–O structural 

modes rather than polymeric bonds (Soliman and Shahat, 2026; Mustapha et al., 2020). It typically 

shows a strong band around 120–145 cm⁻¹ from O–Si–O and O–Al–O bending, additional bands 

between ~400 and 1200 cm⁻¹ from Si–O stretching, and a prominent sharp peak near 400–500 cm⁻¹ 

characteristic of lattice vibrations, with broader features at higher shifts due to its layered silicate 

structure (Onutai, Osugi, and Sone, 2023). This results in a distinctly sharper, low-wavenumber-

dominated spectrum compared to the broader, polymeric profile of cellulose. 

Additionally, cellulose and kaolin exhibit a typical multi-stage thermal degradation behavior in 

TGA/DTA analysis (Figure 2), consistent with lignocellulosic biopolymers 

 
      Fig 2: TGA/DTA Curves of Cellulose                             Fig 3: TGA/DTA Curves of Kaolin                              

                     
The TGA/DTA analysis shows that cellulose undergoes an initial 2.48% weight loss below 135 °C due 

to the removal of physically adsorbed moisture, associated with a weak endothermic DTA peak from 

evaporation of hydrogen-bonded water (Kavitha et al., 2024; Song et al., 2025; Sumaila et al., 2023; 

Sumaila et al., 2022). The decomposition occurs at 277.76 °C, where the maximum mass loss rate is 

observed, corresponding to depolymerisation, cleavage of β-1,4-glycosidic bonds, and formation of 

volatile products. This stage involves simultaneous bond scission and char formation, reflected by an 

endothermic–exothermic transition. Consistent with the literature, cellulose typically decomposes 

around 280 °C depending on crystallinity and polymerisation degree (Lupidi et al., 2023; Stanciu et 

al., 2025). A relatively sharp DTA peak suggests a homogeneous cellulose structure with minimal 

impurities (Wang et al., 2022). Beyond 400 °C, mass stabilises, leaving about 6.67% residual char at 

572.95 °C, indicating limited thermal stability and flame resistance, which constrains its use in high-

temperature applications (Sumaila et al., 2023). 
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In contrast, kaolin (Al₂Si₂O₅(OH)₄) exhibits significantly higher thermal stability due to its inorganic 

crystalline structure (Mustapha et al., 2020; Sumaila et al., 2017). It shows a minor 2.23% mass loss 

below 150 °C from the removal of surface-adsorbed water, accompanied by a weak endothermic DTA 

peak. The thermal transformation occurs between 450 and 650°C, corresponding to the 

dehydroxylation of kaolin: 

Al2Si2O5 (OH)4 → Al2Si2O7 + 2H2O 
 

The dehydroxylation of kaolin produces metakaolin, an amorphous aluminosilicate phase, 

accompanied by a ~2.54% weight loss consistent with the removal of structural hydroxyl groups. This 

transformation is marked by a strong endothermic DTA peak at 342.21 °C and is well documented for 

its importance in cementitious and geopolymer applications (Xue et al., 2023; Buyondo et al., 2024; 

Polcowñuk Iriarte et al., 2025; Mustapha et al., 2020). Minimal additional weight loss above 700°C 

indicates strong thermal resistance, while further heating beyond 900°C may induce structural 

reorganisation toward mullite formation. 

A comparison highlights fundamental differences between cellulose and kaolin. Cellulose, as an 

organic biopolymer, undergoes rapid thermal degradation between 280 and 360°C, resulting in 

substantial weight loss (~85.92%) and minimal residue, reflecting low structural and thermal stability 

(Sumaila et al., 2024; Mustpha et al., 2019). In contrast, kaolin, an inorganic aluminosilicate, shows 

much higher resistance to thermal degradation, with its main transformation (dehydroxylation to 

metakaolin) occurring at higher temperatures and total weight loss limited to about 12–15%, primarily 

due to removal of water. Its high residual mass and stability up to 600–900 °C confirm its superior 

thermal resistance (Mustapha et al., 2020). 

These differences make kaolin suitable for high-temperature and structural applications, while 

cellulose is better suited for low-temperature insulation and lightweight composites. Thermally, 

cellulose decomposition involves complex endothermic–exothermic processes linked to polymer chain 

scission and char formation, whereas kaolin is dominated by endothermic dehydroxylation without 

structural collapse. Hybrid cellulose–kaolin composites offer a promising balance between insulation 

and thermal stability and are increasingly explored for improved fire resistance and mechanical 

performance in sustainable materials (Alvarado et al., 2024; Przybek et al., 2025; Sumaila et al., 2019; 

Mustapha et al., 2023). 

Hence, TGA/DTA results confirm that cellulose exhibits typical biopolymer degradation with major 

mass loss and little residue, while kaolin retains significant mass and structural integrity at elevated 

temperatures, demonstrating their complementary roles in sustainable building material design.  
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Conclusion 

This study was a comparison of kaolin and cellulose to gain knowledge about their structural and 

thermal behavior for sustainable construction. The Raman spectra indicated that cellulose has a 

flexible semi-crystalline polymer structure, while kaolin is a rigid, well-ordered crystalline 

aluminosilicate. Thermogravimetric analysis indicated that cellulose has low thermal stability and high 

mass loss, making it suitable for lightweight insulation, whereas kaolin has high thermal resistance and 

low mass loss, making it appropriate for structural and fire-resistant applications. Rather than one 

being better than the other, the research points to their complementary properties, such as cellulose 

being renewable and an insulator, and kaolin providing strength and heat resistance, which suggests 

that hybrid composites of the two could enhance sustainable construction materials. 
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