


A STUDY ON THE THERMOGRAVIETRIC AND DIFFERENTIAL THERMAL ANALYSIS OF A BIO BASED SILICA NANO COMPOSITE MATERIAL

Abstract
The thermal stability of ethanol extract of Dacryodes edulis (DE), precipitated amorphous silica (PAS), and their hybrid (DE/PAS) was evaluated by thermogravimetric/differential thermal analysis (TGA/DTA) between 0–950 °C. Three major thermal events were observed: initial weight loss at ~30–200 °C (physically adsorbed water/volatiles), major decomposition at 300–500 °C (polymer chain degradation, silanol condensation, endothermic peaks), and residual stability beyond 500 °C. Residual mass values were ~15% (DE), ~12% (PAS), and ~10% (DE/PAS). Major weight loss occurred at 350–450 °C (DE), 370–480 °C (PAS), and 380–500 °C (DE/PAS), with peak decomposition temperatures at 400 °C, 420 °C, and 430 °C respectively. The weakest DTA peak intensity in DE/PAS indicated a more controlled degradation process and superior thermal stability. FTIR analysis revealed functional groups (aromatic ester, alkyl aryl ether, O–H, C=C, C=O, anhydride, N=C=S, C≡C, C–H), while TEM confirmed spherical nanoparticles (~20–50 nm) before and after hybridization. The enhanced stability of DE/PAS is attributed to strong covalent interactions between electron-rich groups in DE and Si–O–Si bonds in PAS, conferring improved mechanical strength and thermal resistance. The study provides an anti corrosion additive which can be an excellent alternative to the more toxic material employed in conventional coating hence can be of relevance in material science, in the formulation of a high performance coating for appication in  areas such as ships and automobiles where strong adhesion, scratch resistance  and non wettablity of the coating is crucial. It provides additional insight on further reserach in other relevant areas such as water treatment, removal of heavy metals, drug delivery system, energy storage and conversion systems.
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Introduction
Organic/inorganic nanocomposites are increasingly employed across diverse fields including optoelectronics, energy storage, catalysis, biomedical applications, sensors, coatings, and membranes. Their unique properties arise from the synergistic combination of organic and inorganic phases, resulting in enhanced performance, multifunctionality, and superior thermal and mechanical stability [1,2].
Precipitated amorphous silica (PAS) is a versatile inorganic material characterized by its high surface area, fine particle size, and hygroscopic nature. These attributes make PAS suitable as a filler, reinforcement agent, and additive in coatings, plastics, rubber, pharmaceuticals, food, and beverages [3-4, 21].
Conversely, plant-derived materials such as extracts from leaves and bark have shown promise as eco-friendly corrosion inhibitors. Their protective effect is attributed to the presence of electron-rich functional groups (e.g., O–H, C=O, C=C) that form covalent bonds with metallic substrates, creating protective layers against corrosion [5,6]. However, the use of plant materials alone is limited by poor thermal stability, mechanical weakness, and void formation due to swelling.[6-7]
Dacryodes edulis (African/bush pear), an indigenous fruit tree from West and Central Africa, is rich in phytochemicals such as flavonoids, alkaloids, and tannins. FTIR studies of its ethanol extract confirm the presence of aromatic esters, alkyl aryl ethers, O–H, C=C, C=O, anhydrides, N=C=S, C≡C, and C–H groups [7-8]. These functional groups can form strong covalent interactions with Si–O–Si networks in PAS, potentially improving the stability and mechanical performance of composites [34-35,  37]
The synthesis of organic/inorganic hybrids enables the integration of plant extracts with PAS, addressing limitations of organic systems while enhancing coating performance. Such hybrids are especially important as environmentally friendly alternatives to toxic anticorrosive additives such as hexavalent chromium, which pose significant health hazards. Beyond environmental safety, these hybrids improve adhesion, mechanical strength, and anti-sagging behaviour in coatings [9–12,20].
Thermal characterization techniques such as thermogravimetric analysis (TGA) and differential thermal analysis (DTA) are vital for assessing the stability of organic/inorganic composites. TGA measures weight loss as a function of temperature, while DTA identifies endothermic and exothermic transitions, providing insights into phase changes, degradation, and chemical reactions [13–17, 38]. These tools are crucial for optimizing processing conditions (e.g., curing, drying) and predicting coating performance and durability
Previous research demonstrates the stabilizing effect of nanoparticles in hybrid matrices. Nicolás et al. (2024) reported enhanced stability in nano-bioactive glass (nBG) loaded hybrids compared to TEOS-based systems, with degradation peaks shifting to higher temperatures [18]. A 20% increase in thermal stability for hydrolyzed tetraethoxy silane (HTEOS) hybrid coatings compared to pure SE coatings [19]. Similarly, another researcher showed improved stability in polyurethane–fattyamide/TEOS hybrids, with higher O–Si–O content directly correlated with greater resistance to thermal degradation
Beyond coating, organic/inorganic nano composite material have been developed and employed by research scientist in other areas such as removal of contaminants from industrial waste water. Consequently, Ahmed et al. 2023, reported the successful fabrication of  a multifunctional organic/inorganic nano composite material (Zeolite X (Ze) and activated carbon) capable of removing organic /inorganic contaminant from industrial waste water. The authors reported efficient removal of methylene blue and Co (II) from the aqueous media. Furthermore, the authors noted that Ze/AC  removal capacity of  MB and Co(II) from aqueous media were 67.6 mg/g and 66.7 mg/g compared to Ze/L/AC  (66.6 mg/g and 44.8 mg/g). Similarly, Sadrara et al., 2023, successfully designed an organic/inorganic nano composite material (surface molecularly imprinted polymer (SMIP) and mesoporous silica nanoparticles (MSNs) for deep oxidative /adsorptive removal of dibenzothiophene (DBT) from model and real fuel. oils, The hybrid material developed  according to the authors showed good potential for simultaneous oxidative and adsorptive desulphurization of model and real fuel.
 
In our study, we investigated the thermal behaviour of ethanol extract of D. edulis (DE), PAS, and their hybrid (DE/PAS) using TGA/DTA in nitrogen atmosphere. FTIR was employed to identify functional groups, while TEM and SEM were used to confirm particle size (20–50 nm) and morphology before and after hybridization. The analysis highlights the enhanced thermal stability of the hybrid material, attributed to covalent bonding between the electron-rich organic groups of DE and the Si–O–Si network of PAS. It also demonstrates the potential of DE/PAS hybrids as sustainable, thermally stable alternatives in coating technology, combining renewable bio-sources with inorganic reinforcement to achieve superior performance.
Materials and Methods
Preparation of Plant Extract
Fresh leaves of Dacryodes edulis were collected from Ubomiri, Mbaitoli Local Government Area, Imo State, Nigeria (Latitude 5.6500° N, Longitude 7.0333° E). The leaves were thoroughly washed with distilled water, air-dried at room temperature, and ground into fine powder. Approximately 100 g of the powdered sample was soaked in 1000 mL of 99% ethanol in an airtight container and allowed to stand for 48 h. The mixture was then filtered, and the solvent was removed under reduced pressure using a rotary evaporator, yielding the concentrated ethanolic extract [23-27].
Synthesis of Precipitated Amorphous Silica (PAS)
PAS was synthesized via acid neutralization of sodium silicate solution. Briefly, 250 g of analytical grade sodium silicate (Na₂SiO₃) was dissolved in 750 mL of distilled water to obtain a 25% solution, followed by moderate heating until a homogeneous solution was achieved. A dilute solution of tetraoxosulphate (VI) acid (H₂SO₄; 1:10 with water) was prepared separately. The acid was added gradually to the sodium silicate solution containing 0.1 g of polyvinylpyrrolidone (PVP) while stirring with a high-energy disperser. The rate of acid addition was controlled by temperature: faster addition at 40–60 °C and slower addition at 60–80 °C.
The pH was monitored throughout, decreasing from ~11 to 7.5 as precipitation occurred. The reaction mixture was maintained at ~80 °C with vigorous stirring to prevent coagulation. The precipitate was aged for 1 h, cooled to room temperature, and separated by vacuum filtration. The silica cake was washed repeatedly with distilled water until the filtrate pH matched that of distilled water (6.5). The recovered material was oven-dried at 40 °C and ground to obtain nano-sized PAS powder.[3, 22]
Hybridization of Organic and Inorganic Components
The hybrid material was prepared by incorporating the ethanolic extract of D. edulis onto PAS via ultrasonication, followed by thorough mixing to ensure uniform dispersion. The resulting bio-based organic/inorganic hybrid was stored in airtight containers for subsequent analyses.[9]
Characterization
Fourier Transform Infra red spectroscopy was performed on using Buck scientific M530 USA FTIR  at a frequency range of 4,000 – 600 cm-1and co –added at 32 scans at 4 cm-1 resolution. The instrument was equipped with a detector of deuterated triglycine sulphate and beam splitter of potassium bromide.  A  Gram A1 software was employed to obtain and manipulate the spectra.  1. 0 g of the plant extract  was  employed and 0.5 nujol  was added. This  was properly mixed and placed on a salt pellet . The FTIR spectra was displayed as  transmitter value.
Transmission electron microscopy(TEM) was performed to provide an insight on surface morphology and particle size using a JEOL JEM-2100F at an accelerating voltage of 200 KV. Electron optics were adjusted for better image quality and resolution. Consequently, Gatan Ultrascan 1000 CCD camera was employed to acquire the images. The images were acquired  at a magnification of  500 nm and 1000 nm,  thereafter,  the average grain size was evaluated.
Thermogravimetric analysis (TGA)
Thermogravemetric analysis was performed  in a highly pure nitrogen environment at a heating rate of 5.0 L/h under continuous evacuation at 1.33 × 10 -6 mbar within the temperature range of 0  - 1000 oC and at a heating rate of 10 oC/min. The reference material employed was Al2O3 and a 0.5 g of each composite material was used, transferred into the TGA machine while analytical investigation was observed.  Consequently.  a  Mettle –Toledo TG850  thermo – analyser was used to record the DTA and TGA curves simultaneously.
Differential Thermal Analysis (DTA)
Differential Thermal  Analysis (DTA)  was carried out on using a  TA* instrument DSCQ10 analyser.  0. 5 g of each composite material were employed. Each powdered sample was loaded in a sealed alumina pan and heated to a temperature of  500 oC  at a heating rate  of 2 oC/min.  An empty alumina pan was used as a reference and the heat flow between the sample and reference pans was recorded
Results and discussion
FTIR Examination [28-31]
The FTIR spectrum of the ethanol extract of Dacryodes edulis leaves (Fig. 1) displayed several absorption bands corresponding to characteristic functional groups. Peaks at 757.2 cm⁻¹ and 855.1 cm⁻¹ were attributed to cis- and ortho-disubstituted alkenes and benzene rings, while the band at 2687.7 cm⁻¹ indicated O–H stretching typical of carboxylic acids. A strong peak at 1281.1 cm⁻¹ corresponded to aromatic esters and alkyl aryl ethers, whereas the band at 1606.7 cm⁻¹ was assigned to C=C stretching, consistent with α,β-unsaturated ketones and β-lactams, and also overlapping with anhydride C=O stretching. Additional anhydride-related bands were observed at 1882.2 cm⁻¹ and 2037.5 cm⁻¹. The sharp peak at 2144.5 cm⁻¹ was ascribed to N=C=S stretching of isothiocyanates, while the absorption at 2532.7 cm⁻¹ suggested C≡C stretching of alkynes. A broad band at 3069.6 cm⁻¹ indicated C–H stretching of alkanes.
These findings reveal the presence of aromatic esters, alkyl aryl ethers, hydroxyl, carbonyl, anhydride, isothiocyanate, alkyne, and alkane groups, suggesting that the extract is rich in carboxylic acids, phenols, and carbonyl compounds. This aligns with previous phytochemical studies on Dacryodes edulis, which reported abundant flavonoids, alkaloids, tannins, phenols, and carboxylic acids. Such functional groups are known to act as electron-donating or electron-deficient moieties, enabling strong interactions with inorganic phases (e.g., Si–O–Si bonds) in hybrid nanocomposites, thereby contributing to improved thermal and mechanical stability.


Fig 1: FTIR spectra on the ethanol extract of Dacryodes edulis (DE
TEM Analysis
Transmission electron microscopy (TEM) micrographs of PAS and the hybrid DE/PAS (Figs. 2–3) revealed predominantly spherical, smooth-surfaced nanoparticles with average particle sizes of ~20 nm and ~50 nm at higher (×1000) and lower (×500) magnifications, respectively, confirming nanoscale dimensions. In PAS (Figs. 2a–b), localized dark patches were observed, which can be attributed to regions of higher electron density, possibly due to the presence of heavy elements or grain boundaries with disordered atomic arrangements. In contrast, the DE/PAS hybrid (Figs. 3a–b) exhibited relatively lighter regions, consistent with a predominance of low electron density organic phases (carbon-rich matrix). The reduced contrast and more homogeneous morphology in the hybrid material suggest successful grafting of PAS onto the organic extract. This hybridization is likely facilitated by strong covalent interactions between electron-rich functional groups in Dacryodes edulis extract (e.g., –OH, –C=O) and Si–O–Si bonds in PAS, resulting in a more integrated organic–inorganic nanocomposite. [19,41,44]
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Fig 2a:TEM image on PAS         	      Fig. 2b TEM image on PAS
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Fig 3a TEM image on DE/PAS                  Fig 3b TEM image on DE/PAS
Thermal Analysis (TGA/DTA) [36]
The TGA/DTA profile of DE (Fig. 4) shows three distinct thermal events. An initial weight loss (~5–10%) between 100–300 °C corresponds to evaporation of residual moisture and low-molecular-weight volatiles. A major decomposition (~70%) occurred between 300–500 °C, accompanied by a strong endothermic peak in the DTA curve, attributable to polymer chain degradation, organic component breakdown, and phase transitions. Above 500 °C, the curve plateaued, leaving a residual mass of ~10%, likely due to char or thermally stable inorganic fractions.
Similarly, the PAS sample (Fig. 5) displayed an initial moderate mass loss (~5–10%) at 30–150 °C, attributed to physically adsorbed water and volatile species. The major weight loss (~70–80%) occurred at 150–500 °C with a corresponding DTA endothermic peak, associated with the removal of strongly bound water and condensation of silanol groups (dehydration/dehydroxylation). Beyond 500 °C, the mass loss slowed, with a final residue of ~10–20% up to 950 °C, representing the thermally stable silica framework.
The TGA/DTA profile of DE/PAS (Fig. 6) exhibited an initial weight loss (~5–10%) between 30–200 °C, attributed to the evaporation of physically adsorbed water and low molecular weight volatiles. A major decomposition occurred at 300–500 °C, with ~70–80% mass loss and a corresponding endothermic peak (~430 °C), reflecting polymer degradation and removal of chemically bound water from silanol groups. Beyond 500 °C, a stable residue of ~10–20% was recorded, associated with inorganic reinforcement such as the silica framework. 
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     Fig 4a TGA plot on DE                                                Fig 4b TGA/DTA plot on DE
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Fig 5a:TGA plot on PAS                                            Fig 5b: TGA/DTA plot on PAS
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   Fig 6a: TGA plot on DE/PAS                                   Fig 6b: TGA/DTA plot on DE/PAS
Comparison of DE, PAS, and DE/PAS showed all materials were thermally stable up to ~300 °C, with major weight loss (~70–80%) occurring between 300–500 °C and final residues of 10–20% above 600 °C. DE degraded most rapidly (350–450 °C) with the strongest DTA peak, while PAS showed decomposition at 370–480 °C. The hybrid DE/PAS demonstrated the highest thermal stability, with delayed decomposition (~350–500 °C), weakest DTA peak, and controlled degradation behaviour. Similar behaviour were reported by researchers demonstrating the superior thermal stability of hybrid organic/inorganic nano composite material and their enhanced barrier properties in coatings compared to the organic or inorganic moieties [9,12,15.19,41,44].
Table 1   Comparison of the three plots
	Features
	DE
	PAS
	DE /PAS

	Initial decomposition temperature
	~320°C
	~340°C
	~350°C

	Major weight loss range
	350-450°C
	370-480°C
	380-500°C

	Residual mass (~950°C)
	~15%
	~12%
	~10%

	DTA peak temperature
	~400°C
	~420°C
	~430°C

	Peak intensity (DTA Curve)
	Strongest
	Moderate
	Weakest


The enhanced stability of DE/PAS is attributed to crosslinking between functional groups in DE (aromatic esters, ethers, O–H, C=O, C=C, etc.) and silanol (Si–OH) groups on PAS, forming strong covalent Si–O–Si linkages. This crosslinking improves mechanical integrity and thermal resistance. SEM micrographs further confirmed surface modification and grafting of DE onto PAS. Similar improvements in hybrid systems have been reported in previous studies (Sharma et al., 2017; Zhang et al., 2009; Krispyna et al., 2017; Subramanian et al., 2017).
Conclusion
The thermal performance of bio-based silica nanocomposites combining Dacryodes edulis extract (DE) and precipitated amorphous silica (PAS) demonstrated that the DE/PAS hybrid offers substantially enhanced thermal stability. The hybrid’s degradation onset (~350 °C) occurs at higher temperatures compared to PAS (~340 °C) and DE (~320 °C), with a delayed and more controlled weight loss within 300–500 °C, and a subdued DTA peak (~430 °C). In contrast, DE exhibited the most abrupt decomposition and strongest DTA response, signaling rapid organic breakdown. These observations align with findings from organic–inorganic hybrid coatings, where covalent linkage between phases (as in Class II systems) markedly improves thermal resistance and modulus through enhanced interfacial bonding.[45]
SEM analysis confirmed a rough, grafted surface indicating robust interfacial bonding—consistent with improved mechanical strength and adhesion reported in other functional hybrid coating systems 
Because of its elevated thermal resistance and controlled degradation, the DE/PAS hybrid holds strong potential as an eco-friendly additive in high-performance coatings—offering anti-sagging, scratch resistance, and corrosion protection, while avoiding hazardous additives like chromium. This aligns with growing literature emphasizing the need for sustainable bio-based functional additives in coatings with multifunctional properties[43-45].
Beyond coatings, these findings pave the way for broader applications of bio-based hybrids in fields such as water purification, heavy metal sequestration, energy storage, and biomedical systems—areas increasingly explored in recent research on sustainable hybrid nanocomposites [42-43]
However, ,further researches can be channelled on exploring the effect of surface modification and functionalization on the properties of nano composites, and developing new methods to enhance their performance. More so, future studies can be geared into designing hybrid materials which can combine the benefit of organic/inorganic components such as conductive polymers and metal oxides..  
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