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Abstract  

The management of construction materials is increasingly intertwined with sustainability and circular economy 
priorities. Calcium carbonate, a key component in spackle and other building materials, is still predominantly 
sourced through mining, raising concerns related to environmental degradation and resource depletion. Eggshell-
derived calcium carbonate (ESP) offers a valuable example of waste valorization, wherein by-products from the 
food industry are repurposed as inputs for construction materials. This review examines ESP not only in terms of 
material performance but also within the broader context of sustainable resource management. Existing studies 
indicate that incorporating ESP at replacement levels of 10–20% can improve compressive strength, decrease 
permeability, and enhance overall durability, aligning with sustainability-driven innovations in construction supply 
chains. Nonetheless, critical gaps remain in relation to standardization, scalability, and long-term performance 
under varying environmental conditions. By situating ESP within circular economy and sustainability frameworks, 
this review highlights its dual potential to advance eco-innovation in construction while reducing waste 
management pressures. The findings emphasize the need for cross-sectoral approaches that integrate material 
science, waste valorization, and sustainability-oriented decision-making within the built environment sector. 
 
 
Keywords: Waste Valorization; Sustainable Resource Management; Circular Economy; Construction Industry; 

Eggshell-Derived Calcium Carbonate.   
 
 

Introduction 

Spackle, also known as joint compound, is a widely used material in drywall construction, 

primarily applied to seal seams between wallboards, repair cracks, and fill nail indentations to 

create smooth, uniform wall surfaces before painting or finishing (Millette et al., 2023). Over 

time, spackle formulations have evolved, incorporating fillers, binders, and various additives 

designed to improve adhesion, flexibility, workability, and finish quality. 

 

Historically, many joint compound formulations contained chrysotile asbestos in 

concentrations ranging from 0.5% to 23%, with some products reaching as high as 45.2% 

(Millette et al., 2023). The inclusion of asbestos generated significant occupational health risks, 

particularly during mixing, application, and sanding, when airborne fiber concentrations 

frequently exceeded regulatory safety limits (Fischbein et al., 1979). Prolonged exposure to 

chrysotile fibers was closely associated with severe respiratory illnesses including asbestosis, 

lung cancer, and mesothelioma (Millette et al., 2023). In response to these hazards, the U.S. 

Consumer Product Safety Commission banned the sale of asbestos-containing joint compounds 

for consumer use in 1977, prompting the development of safer, asbestos-free alternatives. 
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Contemporary spackle formulations typically incorporate lightweight fillers, bulking agents, 

binders, and starch-based bodying agents to achieve smooth consistency and ease of application 

(SenthilKumarA. & Banu, 2007). Some products also include polymer-based additives to 

enhance flexibility and reduce cracking. The origins of these formulations can be traced back 

to the long-standing use of gypsum-based plasters, as gypsum has served as a construction 

binder since the 9th millennium BC, with its use documented in ancient civilizations such as 

Asia Minor, Sumeria, Babylon, and Egypt (Stark & Wicht, 1999). 

 

As a material extensively used for wall finishing and architectural repair, spackle must exhibit 

high compressive strength, strong adhesion, low permeability, and long-term durability. 

However, conventional spackle formulations rely heavily on mined calcium carbonate, 

contributing to environmental degradation and resource depletion. Increasing global emphasis 

on sustainable construction practices has therefore stimulated interest in alternative filler 

materials, particularly eggshell-derived calcium carbonate (ESP), which offers dual benefits: 

waste valorization from the food industry and potential performance enhancement in 

construction applications. 

 

Despite its promise, research on ESP substitution in construction materials has produced varied 

findings, particularly regarding long-term durability and optimal replacement levels. Many 

studies suggest that 10–20% ESP replacement can improve compressive strength, reduce 

permeability, and enhance moisture resistance. Razali et al. (2020) reported that a 20% ESP 

replacement improved carbonation resistance and sorptivity, indicating better protection against 

moisture ingress and increased service life. Similarly, Paruthi et al. (2023) found significant 

reductions in permeability for concrete mixtures containing up to 20% ESP, suggesting 

enhanced structural cohesion. However, other studies have raised concerns about ESP’s long-

term performance in chemically aggressive environments. Murthi et al. (2022) highlighted the 

need for further investigation into ESP’s behavior under acidic or sulfate-rich conditions, where 

potential durability limitations may arise. 

 

Optimizing ESP performance requires careful consideration of application type, replacement 

level, and material compatibility. While many studies identify 10–20% substitution as the most 

effective range for enhancing mechanical properties, higher replacement ratios may yield 

diminishing returns or introduce durability challenges. In addition, the specific constituent 

being replaced—whether cement, fine aggregate, or other components—significantly 

influences the resulting mechanical and durability performance. A key limitation that persists 

across existing research is the absence of standardized processing, grinding, and purification 

methods for ESP, which contributes to variability in results. 

 

This review synthesizes and critically evaluates empirical and review-based studies on the use 

of eggshell powder as a replacement material in construction applications. It serves as a 

preliminary investigation within a broader research program exploring the potential of ESP as 

a sustainable alternative ingredient in spackle formulation. 

 

 

Research Methodology 

This study adopts a systematic review methodology to evaluate the potential of eggshell-

derived calcium carbonate (ESP) as a sustainable replacement for conventional calcium 

carbonate in spackle and other construction materials. The review synthesizes evidence from 

peer-reviewed journal articles, conference proceedings, and technical reports published within 

the past two decades. Relevant literature was identified through comprehensive searches of 
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major academic databases, including Scopus, ScienceDirect, Web of Science, and Google 

Scholar, using keywords related to eggshell powder, sustainable fillers, calcium carbonate 

substitution, and construction materials. 

 

To ensure the relevance and scientific rigor of the included studies, literature selection was 

guided by the following criteria: 

1. Studies examining ESP as a filler or partial/full replacement for calcium carbonate in 

spackle, cement-based materials, or other construction composites. 

2. Experimental research reporting mechanical, durability, permeability, or microstructural 

properties of ESP-based mixtures. 

3. Comparative studies evaluating the performance of ESP relative to conventional calcium 

carbonate or other common fillers. 

4. Research addressing sustainability dimensions, including waste valorization, circular 

economy implications, and environmental performance of ESP utilization. 

 

Data extracted from the selected studies included ESP processing methods, replacement levels, 

mechanical strength outcomes, durability indicators, permeability results, and compatibility 

with spackle or cementitious formulations. The synthesis focused on identifying performance 

patterns, summarizing optimal replacement ranges, and evaluating ESP’s suitability for 

enhancing compressive strength, structural stability, moisture resistance, and material 

longevity. 

 

In addition, the review examined broader sustainability contributions of ESP, including 

reductions in waste disposal burdens and mitigation of environmental impacts associated with 

mining-based calcium carbonate. Attention was also given to identifying remaining research 

gaps—particularly regarding standardized ESP processing, long-term durability in aggressive 

environments, and the feasibility of large-scale industrial application in spackle production. 

 

The findings of this systematic review provide a conceptual and empirical foundation for future 

experimental work and inform potential pathways for integrating ESP into sustainable material 

practices within the construction industry. 

 

 

Research Results and Discussion 

Eggshell Powder (ESP) 

Egg consumption in Indonesia is considerably higher than other animal-based protein sources, 

making eggs one of the most frequently consumed proteins nationwide (Hurek et al., 2021). 

This high consumption generates substantial quantities of eggshell waste, particularly from 

food processing sectors such as bakeries, fast-food industries, and large-scale manufacturing 

facilities. Because eggs serve as a key ingredient in products ranging from cakes and salad 

dressings to processed foods, several tons of eggshell waste are produced daily, contributing to 

growing disposal costs at both national and global levels (Faridi & Arabhosseini, 2018). In 

2023, Indonesia’s laying-hen production reached an estimated 6,117,905.4 tonnes, with 

Lampung Province alone accounting for 235,555.6 tonnes (BPS Indonesia, 2024). As eggshells 

constitute roughly 10% of the total egg weight, this volume translates into a significant 

accumulation of poultry eggshell waste (Figure 1) (Shi et al., 2021). 

 

Most of this waste remains untreated, frequently accumulating on-site or ending up in landfills. 
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This practice contributes to environmental degradation, including odour emissions from 

biodegradation, soil contamination, and wider ecological disturbance. Globally, the 

mismanagement of agricultural waste—eggshell waste included—has emerged as a critical 

issue, as improper disposal can contaminate water sources, disrupt ecosystems, and facilitate 

the spread of pathogens harmful to humans and animals (Ngayakamo & Onwualu, 2022; Obi 

et al., 2016). In response, recent research has increasingly focused on strategies for valorising 

eggshell waste, with the aim of reducing environmental impacts while unlocking the economic 

potential of this largely underutilized resource. 

 

Chemically, eggshells consist predominantly of calcium carbonate (CaCO₃), which comprises 

approximately 94–95% of their total mass (Dolińska et al., 2016; Shi et al., 2021; 

Lertchunhakiat et al., 2016; King'ori, 2011). The remaining fraction consists of an organic 

matrix rich in proteins, glycoproteins, and proteoglycans, which contribute to the structural 

integrity and mechanical strength of the shell. The eggshell membrane (ESM) further enhances 

this complexity, containing cross-linked collagens (types I, V, and X), glycosaminoglycans 

(GAGs), and proteins such as ovotransferrin, lysozyme, and ovocalyxin-36 (Shi et al., 2021). 

This combination of mineral and organic components positions eggshell waste as a versatile 

and valuable material with potential applications in biomedical fields, pharmaceuticals, and, 

increasingly, sustainable construction materials. Consequently, eggshells represent a promising 

resource within waste valorization and circular economy strategies, highlighting significant 

untapped potential for environmentally aligned material innovation. 

 

 
Figure 1. Hen egg structure  

Source: Shi et al., (2021) 

 

Eggshell powder (ESP) (Figure 2), a calcium carbonate–rich waste by-product, has gained 

increasing attention as a sustainable supplementary material for concrete and other construction 

applications. Following collection, eggshells are typically washed to remove residual 

contaminants and subsequently dried either naturally under sunlight (Doh & Chin, 2014) or at 

ambient room temperature. The dried shells are then crushed and ground into a fine powder. 

Several studies have reported different grinding procedures, including the use of flour mills to 

produce ESP capable of passing through a 90 µm sieve (Divya et al., 2017; Sharma & Netula, 

2018). Other researchers have adopted a finer gradation, utilizing ESP that passes through a 75 
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µm sieve (Al-Safy, 2015), reflecting ongoing variations in preparation techniques across 

studies. 

 

Based on its chemical composition (Table 1), ESP exhibits notable pozzolanic characteristics 

and can be classified as a Class F pozzolan according to ASTM standards (Afolayan, 2017). 

This classification underscores its potential suitability as a partial replacement for conventional 

calcium carbonate or cementitious components in building materials, particularly within 

sustainability-oriented construction practices. 

 

 

   

Figure 2. Preparation process of ESP  

 

Table 1.  

Chemical Composition of ESP (%) 
Oxides (%) Ref. 

CaO Al2O3 Fe2O3 SiO2 Na2O K2O MgO SO3 LOI 

50.7 0.05 2.6 0.11 0.14 1.88 - - 6.00 (Afolayan, 2017) 

79.28 0.34 0.004 0.44 0.19 0.11 1.12 0.79 17.48 (Ngayakamo et al., 2021) 

50.70 0.03 0.02 0.09 - - - 0.57 47.80 (Amaral et al., 2013) 

52.10 0.06 0.02 0.58 0.15 0.25 0.06 0.62 45.42 (Yu et al., 2017) 

52.10 0.03 0.02 0.08 0.14 - 0.01 0.62 45.42 (Bhaskaran et al., 2016) 

46.69 0.12 0.32 0.49 0.19 0.21 0.18 0.57 - (J.O et al., 2017) 

64.83 0.13 0.06 0.79 1.48 0.08 0.29 0.06 14.4 (Adogla et al., 2016) 

52.1 0.03 0.02 0.08 0.15 - 0.01 0.62 45.42 (Yerramala, 2014) 

62.35 0.07 0.63 0.61 - 0.22 0.36 1.32 - (Tan et al., 2018) 

52.7 0.01 0.01 0.01 0.05 0.04 0.51 - 46.62 (Shiferaw et al., 2019) 

53.8 - - 0.06 0.02 0.07 0.75 0.98 42.2 (Ghorab et al., 2014) 

52.10 0.06 0.02 0.58 0.15 0.25 0.06 0.62 45.42 (Mohd Arif et al., 2021) 

 

 

Effect of ESP Replacement 

Recent studies have explored the potential of waste eggshells as a sustainable additive in 

construction materials (Table 2). ESP can partially replace cement or fine aggregate in concrete, 

enhancing mechanical properties and durability when used at up to 25% replacement (Yang et 

al., 2022). Research has shown that 10% eggshell powder addition can increase concrete 

compressive strength by 57% and improve flexural strength and water resistance (Doh & Chin, 

2014). ESP have also been investigated as fillers in polymer and metal matrix composites, 

potentially improving strength while addressing waste disposal issues (Chandrappa & Kamath, 

2021). Furthermore, eggshell-containing gypsum boards have demonstrated formaldehyde 
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adsorption capabilities, with ≥5% eggshell content effectively reducing formaldehyde 

concentrations to ≤0.08 ppm (Tsubouchi et al., 2024). These findings suggest that eggshells 

offer promising applications in construction materials, potentially enhancing performance and 

contributing to healthier indoor environments. 

 

The incorporation of eggshell powder into concrete not only addresses waste disposal issues 

but also enhances the mechanical properties of the material. In an experimental study conducted 

by Doh and Chin (Doh & Chin, 2014), different percentages of ESP (0%, 5%, 10%, 15%, and 

20%) were added to concrete, with notable improvements in strength and durability observed. 

The concrete mix containing 10% ESP exhibited the highest compressive strength of 42.82 

N/mm², representing a 57% increase compared to the control specimen. Additionally, the 

flexural strength showed a consistent increasing trend, reaching 3.50 N/mm² at 20% eggshell 

replacement (Doh & Chin, 2014). 

 

Apart from mechanical improvements, ESP significantly enhanced the durability of concrete 

by reducing water absorption and penetration. The water penetration depth was reduced by up 

to 82.3%, indicating improved resistance to moisture ingress and potential corrosion in 

reinforced structures (Doh & Chin, 2014). 

 

Table 2.  

Effect of EPS replacement in various studies 
 Replacement 

Percentage 

Strength Impact Durability Impact Performance Notes Ref. 

High 

strength 

concrete 

8-10% No compromise in 

mechanical 

strength 

Negative impact on 

durability properties 

in chemical 

environments 

Increases hydration 

process during early 

periods 

(Murthi et al., 

2022) 

Concrete Up to 20% Increases material 

strength 

No mention found Reduces 

permeability of 

concrete 

(Paruthi et al., 

2023) 

Mortar 20% Advantageous for 

early compressive 

strength 

Improved 

carbonation rate and 

sorptivity 

No significant 

differences in pH for 

control and modified 

mortars 

(Razali et al., 

2020) 

High 

strength 

concrete 

Up to 15% 10% EPS resulting 

the highest 

compressive 

strength of 68.4 

MPa 

Replacing cement 

with EPS will 

decrease concrete 

workability 

Increased rebound 

number and pulse 

velocity 

(Mohd Arif et 

al., 2021) 

 

 

In some cases, ESP has similar compounds to limestone. Limestone is a type of sedimentary 

rock that generally contains carbonate compounds, especially calcium carbonate (CaCO3). The 

natural limestone obtained is processed by burning it to produce quicklime known by the 

chemical term calcium oxide (CaO). The results of this combustion are sold for building 

materials for houses, mining factories, fisheries and so on (Megawati et al., 2019). Existing 

research related to infrastructure so far used eggshells as a mixture of cement and concrete. 

Sustainable research for materials in the construction industry has triggered the hunt for 
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substitute materials that can replace cement (Awang et al., 2020). It is also known that the 

eggshell membrane (ESM) can act as a biosorbent. Due to its potential for chemical 

modifications, ESM is also an excellent biosorbent and is used to absorb various inorganic 

substances, dyes, and other substances in an aqueous solution (Shi et al., 2021). The use of 

eggshell waste instead of natural lime to replace cement in concrete can have benefits like 

minimizing the use of cement, conserving natural lime and utilizing waste material (Yerramala, 

2014). From the explanation above, it is known that eggshells have the potential to be a mixture 

for making eco-friendly building materials in the hope of reducing rubbish/waste that is often 

found in the environment. 

 

Murthi et al. (Murthi et al., 2022) noted that eggshell powder replacement increases the 

hydration process during early periods, which could explain the improvements in early 

compressive strength reported by several studies. Paruthi et al. (Paruthi et al., 2023) mentioned 

that eggshell powder helps reduce the permeability of concrete, indicating a potential pore-

filling effect. Ramathilagam, et.al. (Ramathilagam et al., 2018) and Afolayan, et al. (J.O et al., 

2017) observed that ESP shortens the setting time of cement, making ESP taken as an 

accelerator. The shortens of ESP setting time is similar to limestone in which tri-calcium silicate 

was accelerated due to the hydration reaction (Moon et al., 2017). 

 

When applying eggshell powder as a replacement in construction materials, several factors 

should be considered. The material being replaced plays a crucial role, as some studies have 

used eggshell powder to replace cement, while others have used it to replace fine aggregate 

(sand), affecting the optimal percentage and resulting properties. The type of application also 

matters, with studies covering both mortar and concrete, where differences in composition and 

structural requirements may lead to varying optimal replacement percentages. The desired 

properties should be taken into account, as the replacement percentage needs to align with 

specific performance goals; for instance, if high early compressive strength is required, a higher 

replacement percentage (around 20%) might be beneficial. Environmental conditions must also 

be considered, as findings by Murthi et al. (Murthi et al., 2022) indicate that chemical 

environments may negatively impact durability, necessitating adjustments in the replacement 

percentage based on exposure conditions. Additionally, the processing method of eggshell 

powder remains an area with limited information, yet standardizing and optimizing this process 

could be key to achieving consistent results. Lastly, the long-term performance of eggshell 

powder replacement remains uncertain, as most studies focus on short-term or early-age 

properties, with little available data on its long-term effects on durability and overall material 

performance. 

 

 

ESP as Calcium Carbonate Replacement 

Calcium carbonate is a chemical compound with the formula CaCO3. It is a common substance 

found in rocks as the mineral’s calcite and aragonite. Calcium carbonate is also occurred in the 

main component of pearls, shells of marine organisms, snails, and eggs also it is extracted by 

mining or quarrying (Kolekar et al., 2020). Recent studies have explored the potential of 
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eggshell-derived calcium carbonate (CaCO3) as a sustainable alternative to conventional 

CaCO3 in various applications. Eggshell powder, containing 93.70-95% calcium carbonate 

(CaCO3), has shown potential as a sustainable alternative to conventional CaCO3 in various 

applications (Kolekar et al., 2020);(Sathvik et al., 2019). Calcinated eggshell powder has shown 

improved carbonation rates and compressive strength when used as a fine aggregate 

replacement in concrete (Razali et al., 2020). 

 

Studies have demonstrated its efficacy as a weighting agent in drilling fluids, with improved 

rheological properties compared to commercial CaCO3 (Iqbal et al., 2019). Raman 

spectroscopy and photoluminescence analyses reveal that eggshell powder exhibits more 

intense and Raman-sensitive calcite bands than conventional CaCO3, indicating its purity and 

potential as a substitute (Kaur & Singh, 2023). In concrete production, eggshell powder can 

partially replace cement, conserving natural limestone and utilizing waste material (Sathvik et 

al., 2019). The use of eggshell-derived CaCO3 not only provides an affordable solution but also 

addresses environmental concerns by repurposing waste from the poultry industry (Kolekar et 

al., 2020);(Iqbal et al., 2019). These findings suggest that eggshell powder is a promising, eco-

friendly replacement for conventional calcium carbonate in various industries. 

 

 

Conclusions and Recommendations  

This review synthesizes evidence on the use of eggshell-derived calcium carbonate (ESP) as a 

sustainable alternative to mined calcium carbonate in spackle and related construction 

materials. The principal result emerging from the literature is that ESP, particularly at 10–20% 

substitution levels, can enhance strength, durability, and moisture resistance while reducing 

permeability. Taken together, these studies suggest that agricultural by-products can be 

successfully valorized within construction, answering the review question of whether ESP has 

the potential to support both material performance and sustainability goals. 

 

At the same time, the review highlights limitations within the current body of research: 

inconsistent findings on long-term durability, lack of standardized processing methods, and 

limited evidence on large-scale application. These gaps point to the need for further studies that 

examine performance under varied environmental conditions, assess lifecycle impacts, and 

evaluate adoption pathways across industries. Beyond the technical domain, the findings also 

imply social and environmental benefits, such as reducing waste streams, promoting circular 

economy practices, and fostering more responsible resource management in construction. 
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