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Formulations of Starch-based Adhesive Variants using Eggshell and Snail shell as Fillers



ABSTRACT
The environmental and health risks associated with petroleum-derived synthetic adhesives underscore the urgent need for sustainable alternatives. This research examines starch-based adhesives augmented with calcium carbonate (CaCO₃) sourced from waste materials of eggshells and snail shells for the purpose of paper bonding. Starches obtained from cassava, yam, and maize were synthesized with eggshell-derived CaCO₃, snail shell-derived CaCO₃, and laboratory-grade CaCO₃. Mechanical properties were assessed through tensile lap-shear and T-peel tests, while molecular interactions were elucidated employing FTIR spectroscopy.
Yam starch combined with snail shell-derived CaCO₃ attained the highest shear strength of 7.69 MPa, representing a 39% enhancement relative to the control. FTIR analysis indicated that yam starch inherently contains mineral carbonates at 1422 cm⁻¹, which elucidates its distinctive compatibility with the aragonite form of snail shell (1451 cm⁻¹) compared to the calcite form from eggshells (1420 cm⁻¹). All filler types exhibited reliable performance when combined with cassava starch, which yielded shear strengths ranging from 4.75 to 5.60 MPa. The native hydrogen bonding network was preserved in the yam-snail shell composite, whereas the formulation with yam and eggshell significantly compromised this network, resulting in suboptimal performance.
Yam starch adhesives are successfully reinforced with CaCO₃ derived from agricultural waste, particularly snail shells, thereby providing a viable, sustainable alternative to synthetic adhesives.
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1. INTRODUCTION
The global packaging industry plays a pivotal role in contemporary commerce, heavily depending on adhesive technologies to fabricate and seal paper-based products such as corrugated boxes, cartons, and flexible laminates (R. V. I. Gadhave & Gadhave, 2022). Traditionally, this sector has relied on synthetic adhesives derived from petrochemical resources, including but not limited to polyvinyl acetate (PVAc), emulsions, ethylene-vinyl acetate (EVA) copolymers, and polyurethanes (PU) (Dong et al., 2021; Watcharakitti et al., 2022). Although these adhesives provide robust bonding, water resistance, and rapid curing, they pose critical environmental, health, and economic challenges. Their manufacturing demands substantial energy input, resulting in the emission of carbon and volatile organic compounds (VOCs) (Mantanis et al., 2018), and their non-biodegradable characteristics exacerbate landfill waste issues while undermining the principles of a circular economy (Paiva et al., 2016). In developing nations such as Nigeria, the dependence on imported synthetic adhesives elevates production costs and engenders vulnerabilities within the supply chain, thereby underscoring the imperative for sustainable, locally-sourced alternatives (Heinrich, 2019).
In light of heightened environmental consciousness and more stringent regulations, there is a discernible shift towards bio-based adhesive solutions (Gutiérrez et al., 2015). Starch, a natural and renewable polymer obtained from crops including cassava (Manihot esculenta), yam (Dioscorea spp), and maize (Zea mays), exhibits considerable potential due to its biodegradability and advantageous properties (Falade & Ayetigbo, 2015; Wang et al., 2015). Nonetheless, native starch adhesives are constrained by limitations such as inadequate water resistance, diminished mechanical strength, susceptibility to microbial degradation, and retrogradation, which leads to embrittlement over time (Gerezgiher & Szabó, 2022; Sanyang et al., 2016). To mitigate these limitations, researchers have investigated various modifications, including chemical cross-linking, grafting, and the incorporation of functional fillers (Zhang et al., 2015).
A principal strategy for enhancing the performance of starch adhesives involves the reinforcement with particulate fillers (Donate-Robles & Martín-Martínez, 2011). Calcium carbonate (CaCO3), one of the most prevalent industrial fillers, is recognized for its ability to improve mechanical and dimensional stability, as well as its cost-effectiveness and white coloration (J. S. Han et al., 2020). Historically, CaCO3 has been procured through limestone mining or chemical precipitation processes, both of which are energy-intensive and detrimental to environmental health (Erdogan & Eken, 2017). Conversely, agro-waste materials, such as eggshells and snail shells, which are rich in high-purity CaCO3, are often abundant yet frequently discarded in landfills (Babalola & Wilson, 2024; Hart, 2020). The utilization of these waste materials as bio-fillers not only promotes waste reduction but also aligns with circular economy objectives, offering a sustainable alternative to conventional fillers (Owuamanam & Cree, 2020; Podaralla et al., 2024).
While prior studies have individually examined the modification of starch for adhesives and the application of bio-CaCO3 in paper bonding, there exists a notable paucity of research investigating their synergistic effects. Specifically, a systematic comparison of eggshell and snail shell-derived CaCO3 as reinforcing agents in starch-based adhesives, as well as their efficacy across diverse starch sources (cassava, yam, maize), remains absent (Zeng & Zhu, 2022). Moreover, the molecular interactions controlling adhesion in such bio-adhesives have not been elucidated thoroughly using Fourier Transform Infrared (FTIR) spectroscopy.
This research aims to bridge these gaps by developing starch-based adhesives reinforced with CaCO3 derived from eggshell and snail shell waste for the purpose of paper bonding. The methodology will involve the extraction of starch from cassava, yam, and maize using aqueous techniques without chemical agents, followed by the transformation of eggshells and snail shells into fine CaCO3 powders. The adhesives formulated with various starch-filler combinations will undergo mechanical strength evaluation through tensile lap-shear and T-peel tests, with their FTIR spectroscopy analysis to confirm the fillers' integration and elucidate their molecular bonding interactions. By merging waste valorization with adhesive innovation, this study aspires to progress the development of eco-friendly, high-performance adhesives that foster sustainable industrial practices while diminishing reliance on petroleum-based synthetic materials.

2. Materials and Methods
2.1 Materials
Maize grains (Zea mays), fresh tubers of yams (Dioscorea spp.), and cassava (Manihot esculenta) were procured from local agricultural markets situated in Kogi State, Nigeria. Eggshells and snail shells were sourced from domestic refuse, commercial food outlets, bakeries, and cake shops within the same geographical region. Sodium hydroxide (NaOH, pellets, reagent grade), borax (sodium tetraborate), polyvinyl acetate (PVAc, industrial grade), citric acid (CH3COOH), triethylamine, and distilled water were utilized in their received forms. Laboratory-grade calcium carbonate (CaCO3) was acquired from a certified supplier and employed as the benchmark filler in this study.
2.2 Starch Extraction
Starch was extracted from cassava, yams, and maize employing a non-chemical extraction technique (Agbogo et al., 2020). A quantity of 5 kg of each sample underwent thorough cleaning and washing to eliminate contaminants and foreign substances. The purified samples were immersed in 200 cm³ of distilled water and permitted to soak at ambient temperature for a duration of 24 hours to facilitate material softening. After soaking, the samples were processed into fine pulp utilizing an electric grinding apparatus. The resultant pulp was blended with an additional 200 cm³ of distilled water and subjected to filtration through a 250 µm calico sieve to separate fibrous residues. The starch slurry was collected in a clean receptacle and allowed to settle via sedimentation. The supernatant was meticulously decanted, and the residual starch was gathered on a tray and air-dried under standard laboratory conditions. Upon achieving complete desiccation, the starch aggregates were pulverized using a pestle and mortar, and the ensuing powder was sieved through a 100 µm mesh to procure fine purified starch, which was subsequently stored in hermetically sealed containers for adhesive formulation (Agbogo et al., 2020).

2.3 Preparation of Calcium Carbonate Fillers from Eggshell and Snail Shell
Eggshells and snail shells were thoroughly cleansed with tap water to eliminate dirt and organic residues. The cleaned shells were immersed in a 2% w/v NaOH solution for a duration of 24 hours to eradicate residual proteins and membranes (Nwapa et al., 2016), followed by rinsing with distilled water and sun-drying for 48 hours. The desiccated shells were subjected to ball milling and sieving to obtain fine powders with a particle size of less than 75 µm (Gbadeyan et al., 2020; Owuamanam & Cree, 2020). The resultant eggshell-derived calcium carbonate and snail shell-derived calcium carbonate powders were preserved in airtight containers before adhesive formulation.

2.4 Formulation of Adhesive
The starch-based adhesive was synthesized utilizing a modified methodology adapted from Agbogo (2020). For each formulation, 10.0 g of starch was gelatinized in 100 mL of 0.1 M NaOH with 0.5 g of borax at 60 °C for 30 minutes. In a separate procedure, 1.0 g of PVAc was dissolved in 150 mL of distilled water at 60 °C for 30 minutes. The two solutions were amalgamated, and 2.5 g of calcium carbonate filler (from eggshells, snail shells, and laboratory-grade sources) was incorporated with continuous stirring. Ultimately, 2.0 mL of triethylamine and 0.2 g of citric acid were introduced as a stabilizer and crosslinker. A control formulation devoid of filler was prepared following a similar protocol (Agbogo et al., 2020).
2.4.1 Functional Roles of Chemical Additives
The following chemical additives were incorporated to enhance specific properties. Polyvinyl acetate (PVAc) serves as a film-forming agent and strength modifier, creating a continuous polymeric film upon drying that distributes stress across bonded surfaces (Gadhave, 2025). Borax acts as a crosslinking agent, forming reversible borate ester linkages with hydroxyl groups on adjacent starch chains, which strengthens the adhesive matrix and improves water resistance (Lu et al., 2019). Citric acid functions as an eco-friendly crosslinker, promoting mild esterification between carboxyl and hydroxyl groups in starch molecules, thereby increasing crosslinking density and reducing water solubility (Liang et al., 2025). Triethylamine serves as a pH stabilizer, maintaining the alkaline environment necessary for optimal starch gelatinization and crosslinking reactions (Agbogo et al., 2020).

2.5 Characterization of Starch-Based Adhesives
The mechanical and molecular attributes of the formulated starch-based adhesives were evaluated employing standardized methodologies.

2.5.1 Mechanical Testing
Tensile lap-shear strength and T-peel strength assessments were executed on bonded kraft cardboard specimens, in accordance with ASTM D1002 and ASTM D1876 specifications, respectively (ASTM, 2010, 2015). The Kraft cardboard substrates underwent meticulous cleaning, followed by the application of adhesives in a consistent layer approximating 1.0 mm in thickness. The bonded assemblies were permitted to cure at ambient conditions (30 °C) for 24 hours before testing. All mechanical tests were performed in triplicate (n = 3) for each adhesive formulation


2.5.2 Fourier Transform Infrared (FTIR) Spectroscopy
FTIR spectroscopy was utilized to elucidate the molecular interactions and functional groups inherent in the adhesive formulations, as well as to verify the incorporation of CaCO3 fillers (Watcharakitti et al., 2022). FTIR analysis was performed employing an FTIR spectrometer across the wavenumber spectrum of 4000-400 cm-1. Samples were meticulously prepared, and spectra were captured to discern characteristic absorption peaks corresponding to O-H stretching (3600-3000 cm-1), O-H bending (1650-1630 cm-1), carbonate (CO32-) asymmetric stretching (1500-1400 cm-1), and glycosidic C-O-C linkages (1200-1000 cm-1) (Nikonenko et al., 2005).

3.  RESULTS AND DISCUSSION
3.1 Mechanical Strength
The mechanical integrity of adhesive joints is paramount for effective utilization in paper packaging, as evaluated through tensile lap-shear and T-peel methodologies. The findings (Tables 1 and 2) indicated that the efficacy of the adhesive was significantly influenced by both the botanical origin of the starch and the specific type of CaCO3 filler employed (Stigh et al., 2014). Values are reported as the mean  standard deviation (SD) of three replicate measurements (n =3). Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test. A p-value < 0.05 was considered statistically

3.1.1 Tensile Lap-Shear Strength
The tensile lap-shear assessment quantifies the adhesive’s resistance to in-plane loading, an essential characteristic for load-bearing functions in paper packaging and corrugated materials. Table 1 delineates the lap-shear strength outcomes for all formulations derived from starch-based adhesives.
Table1. Lap-Shear strength for all starch-based adhesive formulations (Mean  SD, n =3)
	Starch Source
	Filler Type
	Max. Shear Stress
(MPa)
	Strain at Break
(mm/mm)
	Energy at Break
(J)

	Cassava
	0% (Control)
	5.10 ± 0.12
	0.095 ± 0.005
	0.361 ± 0.018

	Cassava
	Eggshell CaCO3
	5.14 ± 0.09
	0.186 ± 0.008
	0.714 ± 0.022

	Cassava
	Snail Shell CaCO3
	5.60 ± 0.11
	0.149 ± 0.006
	0.67 ± 0.019

	Cassava
	Lab-grade CaCO3
	4.75 ± 0.10
	0.148 ± 0.007
	0.507 ± 0.015

	Yam
	0% (Control)
	5.52 ± 0.13
	0.199 ± 0.009
	0.929 ± 0.016

	Yam
	Eggshell CaCO3
	3.35 ± 0.08
	0.211 ± 0.010
	0.578 ± 0.025

	Yam
	Snail Shell CaCO3
	7.69 ± 0.14
	0.081 ± 0.004
	0.335 ± 0.016

	Yam
	Lab-grade CaCO3
	0.95 ± 0.06
	0.201 ± 0.008
	0.126 ± 0.007

	Maize
	0% (Control)
	5.80 ± 0.11
	0.178 ± 0.007
	0.867 ± 0.021

	Maize
	Eggshell CaCO3
	2.13 ± 0.07
	0.202 ± 0.009
	0.305 ± 0.012

	Maize
	Snail Shell CaCO3
	3.86 ± 0.10
	0.267 ± 0.011
	0.862 ± 0.023

	Maize
	Lab-grade CaCO3
	5.83 ± 0.09
	0.100 ± 0.005
	0.420 ± 0.014



Cassava starch adhesives showed exceptional consistency across all formulations, with shear strength values ranging from 4.75 to 5.60 MPa. The control formulation exhibited a strength of 5.10 MPa, while the incorporation of eggshell and snail shell fillers yielded comparable or marginally improved values (5.14 and 5.60 MPa, respectively). This relative insensitivity to the type of filler suggests that cassava possesses a resilient, filler-tolerant matrix, which can be attributed to its finely granulated structure and paste-like properties (Chandrappa & Kamath, 2021; Versino & García, 2019).
Conversely, yam starch-based adhesives exhibited the most pronounced performance fluctuations. The control formulation registered a strength of 5.52 MPa; however, the inclusion of eggshell filler reduced it to 3.35 MPa. Notably, the utilization of snail-derived CaCO3 yielded the highest strength of all formulations, measured at 7.69 MPa, indicative of a potent synergistic effect in comparison to the control. This remarkable performance may stem from the distinctive surface chemistry and residual biopolymers present in snail shells, which facilitate enhanced interfacial adhesion with the yam matrix (FERGUSON H. et al., 2018). In stark contrast, the lab-grade CaCO3 induced a catastrophic decline to 0.95 MPa, implying possible phase separation or chemical incompatibility (Nuriyah et al., 2019).
The maize starch-based adhesives exhibited a markedly heterogeneous reaction to the incorporation of fillers. The control formulation demonstrated the highest baseline strength among all starch variants at 5.80 MPa. Nevertheless, the addition of eggshell filler resulted in a substantial reduction to 2.13 MPa, indicating inadequate interfacial adhesion where the filler particles functioned as stress concentrators (Fu et al., 2008). The snail shell filler exhibited a moderate recovery to 3.86 MPa, while lab-grade CaCO3 reached a strength of 5.83 MPa, which is nearly equivalent to the control, thereby corroborating that well-characterized particles maintain the integrity of the matrix (Gou et al., 2021).
An examination of strain and energy at failure elucidates the failure characteristics of the materials. The yam-snail shell composite, despite its superior strength, demonstrated a low strain (0.081 mm/mm) and moderate energy (0.335 J), suggesting a brittle failure typical of highly reinforced composites where the filler constrains the mobility of polymer chains (Gbadeyan et al., 2020). In contrast, the cassava-eggshell formulation exhibited a higher strain (0.186 mm/mm) and energy (0.714 J), indicating a tougher, more ductile material exhibiting cohesive failure.

3.1.2 T-Peel Strength
The T-peel assessment quantifies the force necessary to detach an adhesive layer from a substrate, thereby offering a significant evaluation of fracture toughness and resistance to delamination when subjected to bending or flexural stresses (Moore, 2008). Table 2 delineates the T-peel strength outcomes for all formulations of starch-based adhesives.

Table 2. T-peel test for all starch-based adhesive formulations (Mean ± SD, n = 3)
	Starch Source
	Filler Type
	Maximum Peel Stress (MPa)
	Strain at Break (mm/mm)
	Energy at break
(J)

	Cassava
	0% (Control)
	0.599 ± 0.018
	1.22 ± 0.050
	0.649 ± 0.020

	Cassava
	Eggshell CaCO3
	1.035 ± 0.022
	0.113 ± 0.006
	0.930 ± 0.025

	Cassava
	Snail Shell CaCO3
	1.033 ± 0.021
	0.118 ± 0.005
	1.177 ± 0.028

	Cassava
	Lab-grade CaCO3
	0.395 ± 0.015
	0.056 ± 0.004
	0.204 ± 0.010

	Yam
	0% (Control)
	0.278 ± 0.012
	0.730 ± 0.025
	0.211 ± 0.009

	Yam
	Eggshell CaCO3
	0.491 ± 0.016
	2.483 ± 0.065
	0.939 ± 0.024

	Yam
	Snail Shell CaCO3
	0.325 ± 0.011
	3.347 ± 0.072
	1.227 ± 0.030

	Yam
	Lab-grade CaCO3
	0.511 ± 0.015
	1.717 ± 0.045
	1.060 ± 0.026

	Maize
	0% (Control)
	0.704 ± 0.019
	1.996 ± 0.055
	1.582 ± 0.035

	Maize
	Eggshell CaCO3
	0.605 ± 0.017
	1.057 ± 0.035
	0.728 ± 0.021

	Maize
	Snail Shell CaCO3
	0.301 ± 0.010
	1.635 ± 0.042
	0.454 ± 0.014

	Maize
	Lab-grade CaCO3
	0.296 ± 0.009
	1.229 ± 0.038
	0.381 ± 0.012



Adhesives derived from cassava starch exhibited a distinct hierarchy in performance. The control sample registered a maximal peel stress of 0.599 MPa. The introduction of eggshell and snail shell-derived CaCO3 resulted in a substantial enhancement, attaining values of 1.035 MPa and 1.033 MPa, respectively, which is nearly twice the control value. Such significant advancements underscore the presence of superior interfacial adhesion, wherein bio-filler particles functioned as efficient reinforcers, thereby promoting effective stress transfer within the cassava matrix (Liu et al., 2014). Conversely, the lab-grade CaCO3 demonstrated suboptimal performance (0.395 MPa), implying inadequate reinforcement attributable to variations in particle morphology or surface chemistry. The energy at break for bio-filled composites (0.930 – 1.177 J) considerably surpassed that of the lab-grade formulation (0.204 J), indicating a propensity for brittle failure in the latter (Pradiza et al., 2025).
Adhesives based on yam starch exhibited a notable compromise between strength and ductility. The control exhibited the lowest peel strength (0.278 MPa) and energy (0.211 J). The incorporation of eggshell and lab-grade CaCO3 resulted in enhancements to strengths of 0.491 and 0.511 MPa, respectively. However, the formulation with snail shell, despite its moderate strength (0.325 MPa), demonstrated exceptional strain at break (3.347 mm/mm) and recorded the highest energy at break (1.227 J) among all tested samples. This phenomenon suggests a distinct interaction whereby the snail shell filler facilitates extensive plastic deformation and energy absorption through mechanisms such as particle pull-out or crack deflection (Adepitan et al., 2025; Oladele et al., 2020).
The maize starch-based adhesives indicated that the incorporation of fillers was predominantly detrimental. The control formulation exhibited the highest peel strength (0.704 MPa) and energy (1.582 J) across all maize variants. The introduction of fillers universally diminished performance, with snail shell and lab-grade CaCO3 resulting in the most pronounced reductions to 0.301 MPa and 0.296 MPa, respectively. This consistent decline implies that fillers served as stress concentrators, disrupting the continuity of the maize matrix and suggesting that the intrinsic structure of maize starch paste is inadequately equipped to accommodate particulate fillers without compromising cohesive strength (Fu et al., 2008; Lefnaoui & Moulai-Mostefa, 2015).

3.2 Fourier Transform Infrared (FTIR) Spectroscopy
The mechanical testing outcomes delineated in Tables 1 and 2 elucidate pronounced performance disparities among the three starch sources and filler types. Yam starch augmented with snail-derived CaCO3 demonstrated the most superior shell strength (7.68 MPa), whereas the identical filler yielded only moderate enhancements in cassava and negligible improvements in maize. Conversely, eggshell-derived CaCO3 exhibited commendable performance in cassava, yet it underperformed in yam and maize, performed poorly in the yam variant. To elucidate the molecular mechanisms underlying these divergent responses, FTIR spectroscopy was utilized to investigate the hydrogen bonding networks, filler-matrix interactions, and modifications of functional groups that influence adhesive efficacy (Watcharakitti et al., 2022).
Fig. 1 illustrates the FTIR spectra corresponding to yam starch-based adhesive formulations. The control formulation displayed O-H stretching at 3324 cm-1 alongside a native carbonate band at 1442 cm-1, thereby confirming the intrinsic presence of mineral carbonates within yam starch (Chu et al., 2008; Neff, 2011). The formulation utilizing eggshell revealed a shift in O-H to 3263 cm-1 and a carbonate band at 1420 cm-1, while the snail shell formulation retained the O-H band at 3328 cm-1 and presented a distinct carbonate band at 1451 cm-1 (Elgayyar et al., 2025; Ni & Ratner, 2008). 
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Fig .1. FTIR Spectra of yam starch-based adhesive formulation: a. Yam control (0% filler); b. Yam + egg shell CaCO3; c. Yam + snail shell CaCO3.

The yam-snail shell formulation maintained an O-H band that closely resembles that of the control and achieved the highest strength (7.69 MPa), suggesting the favorable incorporation of CaCO3 into the native starch matrix (Han et al., 2022; Sun et al., 2015). In contrast, the yam-egg shell formulation exhibited a bathochromic shift yet reached only 3.35 MPa, implying a brittle and poorly cohesive network. The presence of carbonates in yam starch (1422 cm-1) elucidates its unique compatibility with snail shell-derived CaCO3 in contrast to eggshell-derived CaCO3 (1429 cm-1) (Zhang et al., 2015).
Fig. 2 shows adhesives based on maize starch. The control formulation exhibited the lowest O-H frequency (3268 cm-1), indicating the most robust native hydrogen bonding, which aligns with its high control strength (5.80 MPa), thereby suggesting that synthetic fillers can be incorporated without compromising the integrity of the matrix (Moo-Tun et al., 2020). 
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Fig. 2. FTIR Spectra of Maize starch-based adhesive formulation: a. Maize control (0% filler); b. Maize + lab-grade CaCO3.
Fig. 3 presents adhesives formulated from cassava starch. The control formulation exhibited an O-H peak at 3281 cm-1, while the snail shell formulation displayed a shift to 3322 cm-1, accompanied by a modest enhancement in strength (5.60 MPa), reflecting the filler-tolerant characteristics of the cassava matrix (Versino & García, 2019). 
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Fig. 3. FTIR Spectra of Cassava starch-based adhesive formulation: a. Cassava control (0% filler); b. Cassava + snail shell CaCO3.

All formulations demonstrated consistent O-H bending at 1638 cm-1, corresponding to adsorbed water, thereby affirming the hydrophilic properties of all adhesive formulations (Fabiyi et al., 2020). The region associated with glycosidic linkages indicated that snail shell facilitated enhanced molecular organization in yam (as evidenced by multiple distinct bands), whereas the eggshell induced a simplification to a singular band, directly elucidating the mechanical disparities observed (Nikonenko et al., 2005; Xie et al., 2025). Table 3 summarizes the characteristic FTIR absorption peaks for the selected formulations.

Table 3. Characteristic FTIR Absorption Peak for Selected Formulations
	Formulation
	O-H stretching (cm-1)
	Carbonate (cm-1)

	Yam control
	3324
	1422

	Yam +/ eggshell
	3263
	1420

	Yam + Snail shell
	3328
	1451

	Maize Control
	3268
	---

	Maize + Lab-grade
	3304
	---

	Cassava Control
	3281
	---

	Cassava + Snail Shell
	3322
	---



It is imperative to acknowledge that the carbonate peaks were not distinctly resolved in the FTIR spectra of the maize and cassava formulations. This observation does not denote the absence of CaCO3 fillers; rather, it implies that the carbonate signals were either below the detection threshold of the instrument, overlapped by substantial starch absorption, or effectively obscured due to the superior dispersion of the filler within the starch matrix (Gbadeyan et al., 2020).

3.3 Study’s Limitations
The study acknowledges several limitations: no water resistance testing was conducted, and long-term stability was not assessed as adhesives were tested immediately after formulation. Industrial-scale validation was also lacking; tests were performed at a laboratory scale without pilot trials for commercial assessment. Additionally, complementary characterization techniques like X-ray diffraction and scanning electron microscopy were unavailable, limiting the insights into filler distribution. Finally, biodegradation testing and life cycle assessment were outside its scope, though recommended for future research. Nevertheless, the study offers valuable insights into starch-filler interactions and the potential of waste-derived CaCO₃ for sustainable adhesive formulations.

4. CONCLUSION
In the context of paper bonding applications, this research has effectively developed starch-based adhesives fortified with calcium carbonate produced from eggshells and snail shell waste. The findings demonstrate that the type of filler and the source of starch significantly influence adhesive performance.
The peak shear strength of 7.69 MPa, representing a 39% enhancement over the control, was achieved by yam starch reinforced with CaCO₃ derived from snail shells. The exceptional performance, as indicated by FTIR analysis, can be attributed to the unique compatibility between the aragonite polymorph of snail shell CaCO₃ (1451 cm⁻¹) and the native carbonates present in yam starch (1422 cm⁻¹), which facilitates the maintenance of the hydrogen bonding network while enhancing molecular structure. Cassava starch exhibited remarkable filler compatibility across all formulations, yielding consistent performance within the range of 4.75 to 5.60 MPa. While laboratory-grade CaCO₃ effectively preserved matrix integrity, maize starch displayed inadequate compatibility with bio-fillers.
The distinctive affinity of yam starch for snail shell-based fillers is elucidated by the finding that it naturally incorporates mineral carbonates, thereby presenting novel avenues for the design of bio-adhesives. This study reinforces the principles of the circular economy by substantiating the conversion of eggshell and snail shell waste into valuable fillers, thereby reducing dependence on petroleum-derived synthetic adhesives. Future inquiries will focus on industrial-scale validation and the blending of biopolymers to enhance water resistance. The yam-snail shell composite is recommended for application in paper bonding. The limitations of this study include the absence of water resistance testing, long-term stability assessment, industrial-scale validation, and complementary characterization (XRD, SEM), which should be addressed in future research.
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