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Abstract 
In this work, an experimental investigation on the use of eggshell powder from 

waste eggshells as an alternative source of bio-filler and flux to enhance the technological 

properties of fired clay bricks were carried out. Four different batch compositions were 

formed with eggshell powder as a bio-filler and flux replacing clay-soil up to 15 wt.%. 

The clay bricks were prepared by the casting method and were fired at 800, 900, and 1000 

°C at the heating rate of 8 °C/min for 120 minutes. The raw materials and produced fired 

clay bricks were characterized by SEM/EDS, XRF, and XRD, respectively. Besides, 

technological properties of fired clay bricks (eg. water absorption, apparent porosity, bulk 

density, and compressive strength) were also determined. The results showed that adding 

15 wt.% of eggshell powder as a bio-filler and flux yielded a compressive strength of 4.8 

MPa, the bulk density of 2.1 g/cm3, and a lower water absorption value of 11.1% at the 

firing temperature of 1000 °C. Consequently, the use of eggshell as a bio-filler and flux 

to enhance the technological properties of fired clay bricks is promising and can be 

considered as an effective alternative method to reduce environmental concerns caused 

by inappropriate discarding and landfill construction to dispose of eggshell waste. 

 

Keywords: Eggshell powder; bio-filler and flux; fired clay bricks and; 

technological properties. 

Introduction 
Fired clay bricks (FCBs) are materials of interest in the construction industry due 

to their excellent physical-mechanical, thermal properties, and durability [1, 2]. They are 
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common building materials since ancient times and are presently still used for the 

construction of huge structures [3, 4]. They are economical products made from cheap, 

abundant raw materials, including clay, sand, and water, through a simple fabrication 

process [5, 6]. However, FCBs are becoming less competitive than other construction 

materials like cement and concrete blocks because of their limited mechanical strength. 

Thus, due to their irrefutable application for a long time, the quality of FCBs continues to 

improve globally for modern construction [7, 8]. Nonetheless, the production of FCBs 

has been observed to demand a high amount of energy to vitrify the clay bricks during a 

sintering process. Therefore, fillers and fluxes have been considered to be the best 

possible way to save energy during brick production by reducing firing temperature and 

time.  

As a result, recently the introduction of fillers in clay-based bricks with various 

industrial wastes to improve the physical-mechanical properties of fired brick products 

has caught the attention of many researchers around the globe. Several fillers from 

agricultural and industrial waste particles such as waste glass sludge [9], rice husks ash 

[10], granite and marble sawing waste [11], paper residues [12], and marble powder [13], 

have been incorporated in clay bricks and have improved the technological properties of 

FCBs. 

Eggshell is an agricultural waste that is discarded from food processing industries, 

which has caused environmental problems due to improper disposal in our surroundings 

[14, 15]. It is estimated that by 2030, the global production of eggs will reach 90 million 

tons which will result in the enormous production of eggshell waste [16 17]. According 

to food and agricultural organization (FAO) statistics, it is estimated that 6.4 million tons 

of eggshell waste are discarded and disposed of in landfills worldwide annually [18]. The 

inappropriate discarding and increasing costs of disposing of eggshell waste have been 

an area of environmental concern for food processing industries due to the development 

of urban pests and the availability of disposing sites [19–21]. According to Environmental 

Protection Agency (EPA), eggshell waste is ranked 15th position as the major food 

processing environmental problem, and health hazards waste by the European Union due 

to the growth of fungi caused by their biodegradation [18, 22, 23]. Furthermore, the 

disposal of eggshell waste in landfills has caused environmental concerns due to the 

development of pathogens, and their decomposition has generated significant odour to 

the environment [20, 24, 25].  

It is, therefore, essential to look for an alternative way to convert eggshell waste 

into valuable raw materials for several industrial applications. Subsequently, the recycling 

of eggshell waste has attracted the attention of many scientists and engineers in 

construction industries around the globe as it has been a very promising research area, 

particularly in reducing the cost of building materials [26]. Several works have been 

reported on the use of eggshell powder as a cement replacement material in the 

manufacture of concrete [27–34]. On the contrary, there have been very few reports on 

the incorporation of eggshell waste for the production of fired clay bricks and other clay-

based building materials [35–37]. In summary, few research works have been done on 

using raw eggshell waste to improve the physical-mechanical and thermal properties of 

clay-based building materials, which has been practicable to enhance their properties. 

Therefore, it is considered the promising field of materials science and engineering, which 

requires more in-depth research to provide cheap and yet functional and durable building 

materials in the future. However, the current work investigates the use of the calcined 
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eggshell powder as a bio-filler and flux to enhance the technological properties of fired 

clay. The use of calcined eggshell powder as a bio-filler to enhance the technological 

properties of FCBs is expected to have both environmental and economic benefits by 

utilizing eggshell waste as zero-cost raw material while ensuring a clean and sustainable 

environment that is free of wastes.   

Experimental Work 
The clay-soil and eggshell waste were gathered from Abuja on the coordinates (N 

9° 4' 0.0012") and (E 7° 28' 59.9988") in Nigeria at 491m. The eggshells were washed 

with water and were then dried in an oven at 110 °C for the duration of 2 h. The eggshell 

waste was calcined at 900 °C at a heating rate of 5 °C min-1 for the duration of 1.5 h to 

decompose calcite (CaCO3) and other organic matters. The clay soil was crushed and 

milled by Retsch BB-50, 240v,50Hz for a duration of 80 min while calcined eggshell for 

120 min. The milled raw materials were passed through a <1 mm mesh plate for clay soil 

and calcined eggshell through <0.425 mm mesh plate size by the sieve shaker with a serial 

number; 1217141234, 240v, 50/60Hz. The preparation of the samples was intended to 

obtain fine powder particles, as shown in Fig.1.  

 

   

Fig. 1. Picture of a) Eggshell waste b) Calcined eggshell powder (ESP) c) Clay-soil. 

The chemical composition of clay soil and the ESP powder was determined by X-

ray fluorescence (XRF) Model: Mini-4, PW4030, Rh X-Ray tube, 30 kV, 0.004 mA. The 

mineralogical phases of the raw materials and FCBs were determined by Rigaku X-ray 

diffraction (XRD) Model: Miniflex-600W, 2Ө, 100-240V, 50/60 Hz with Cu K-α 

radiation The SEM micrographs of the raw materials and fired clay bricks were viewed 

with a Scanning Electron Microscope (SEM) with a Model number: Zeiss, EVO, LS10. 

The green clay bricks were fabricated by varying the amount of raw materials, as shown 

in Table 1. 

Table 1. Mixed raw materials compositions in (wt. %). 

 

Formulation 

Raw materials 

Eggshell powder Clay 

C-1 0 100 

C-2 5 95 

C-3 10 90 

C-4 15 85 

(a) (b) (c) 
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The powder mixture was wet homogenized, and the resulting plastic paste was cast 

into a rectangular mold for production of the clay bricks with dimensions 95 mm x 45 

mm x 15 mm. The produced green bricks were air-dried for seven days at room 

temperature and then were oven-dried at 120 °C. The dried green bricks were sintered in 

the carbonite tubular furnace with a model number: MF03-3.13, UK from 800-1000 °C 

at a heating rate of 8 °C/min and a holding time of 120 minutes. The sintered FCBs were 

then cooled while in a furnace to room temperature.  

The technological properties of FCBs, namely the water absorption, apparent 

porosity, bulk density, and compressive strength, were determined according to BS-3921 

[38], whereby the  FCBs were soaked in distilled water for 24 h. A pair of Vernier calipers 

were used to measured the dimensions of FCBs before compressive testing was 

performed. The compressive strength tests of the FCBs were done by the universal testing 

machine (Model: M, 10,200,10-DS, Prufsyteme, Germany). 

Results and Discussion 
The chemical composition of clay soil contained ~ 66.20% of (SiO2) and ~  

19.50% of alumina (Al2O3). The calcined eggshell powder contained ~ 79.28% of calcium 

oxide (CaO), as shown in Table. 2. The high content of calcium oxide (CaO) was the 

result of eggshell calcite (CaCO3) decomposition into carbon dioxide (CO2) and other 

organic matters at a calcination temperature of 900 °C at a heating rate of 5 °C min-1 for 

1.5 h. The presence of high content of iron oxide (Fe2O3) ~5.90% in clay soil may have 

contributed to the lowering of the firing temperature during a sintering process while 

imparting red colouration in the fired clay bricks. Additionally, the presence of K2O  

as fluxing agents indicates that vitrification and densification may be possible below  

1000 °C. 

Table 2. Chemical composition of raw materials. 

Raw 

materials 

Oxides 

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 MnO BaO 

Clay soil 66.20 19.45 5.90 0.14 1.40 0.42 1.92 1.30 0.11 0.12 

ESP 0.44 0.34 0.02 79.28 1.12 0.19 0.11  -  -  - 
*ESP= Eggshell powder 

 

Table 3 shows changes in the physical properties of the clay soil as the eggshell 

powder was introduced into the clay matrix. The liquid limit (%), plasticity limit (%), and 

plasticity index (%) decreased as the content of eggshell powder was increased. The 

decrease in plastic behaviour of the clay-soil shows that eggshell powder is non-plastic 

material, as reported by Amaral et al. [19]. However, the plasticity limits (%) of the clay 

soil between 15–30% showed that eggshell powder is a non-plastic material that stabilized 

the clay soil and made it more suitable for the production of fired clay bricks.  
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Table 3. Physical properties of the clay soil with the addition of eggshell powder 

content. 

 

Fig. 2a shows the surface morphology of clay sample particles that are highly 

agglomerated than the calcined eggshell powder, which shows its high plastic nature. 

However, the EDS analysis in Fig. 2b showed peaks of silicon (Si) and aluminum (Al) 

were observed to be high compared to other elements. The content of silicon (Si) and 

aluminum (Al) in their oxide form and fluxing metal such as potassium (K) in clay soil 

are essential towards the formation of mullite and glassy phases during a sintering 

process. On the other hand, the SEM micrograph of ESP in Fig. 2c shows scattered 

particles that are not agglomerated as observed in clay soil that confirms eggshell powder 

does not have plastic properties. However, the EDS in Fig.2d revealed the highest peak 

of calcium (Ca) and the low peak of oxygen (O), which confirm that calcium oxide (CaO) 

was present in the eggshell powder. 

 
 

  

Fig. 2. a-b) SEM micrograph and EDS spectrum of clay-soil c-d) SEM micrograph and 

EDS spectrum of calcined eggshell powder. 

Engineering 

properties (%) 

Clay-soil  Eggshell powder in weight percent (%)  

  0  5  10   15 

Liquid limit 40.80 39.4 37.6 35.7 

Plastic limit  21.4 20.9 19.8 18.3 

Plasticity index  17.60 16.8 15.7 15.1 

(a) (b) 

(c) 
(d) 
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SEM micrographs of all the FCBs with and without eggshell powder are presented 

in Fig.3. In Fig.3(a-b) the FCBs without eggshell powder when fired at 900 and 1000 °C 

showed a progressive change vitrification process which was influenced by the fluxing 

agents found in the clay soil and the sintering temperature. However, in Fig. 3 (c-d), the 

FCBs with 5wt.% of eggshell powder showed vitrified rough surfaces as the sintering 

temperature was increased from 900 to 1000 °C for a duration of 1 h. On the other hand, 

in Fig. 3 (e-f), the SEM micrographs of FCBs incorporated with 10 wt.% of eggshell 

powder as a flux showed a progressive change in densification and vitrification processes 

with some traces of scattered eggshell powder particles on the surface. But the FCBs show 

fractured surfaces which might have been influenced by the decomposition of calcite and 

expulsion of the entrapped water in the clay bricks. In Fig. 3 (g-h), the SEM micrographs 

of the FCBs incorporated with 15 wt.% of eggshell powder as a bio-filler and flux showed 

extensive vitrification. This might be attributed to sufficient sintering temperature at 1000 

°C and high content of eggshell powder as a bio flux. In general, the progressive change 

in densification and vitrification in FCBs was due to an increase in ESP content and the 

sintering temperature, which greatly enhanced the technological properties of the fired 

clay bricks. This confirms that eggshell powder acted as a flux to influence densification 

and vitrification processes which greatly enhanced the technological properties of the 

fired clay bricks at different firing temperatures.  

  

  

(a) (b) 

(c) (d) 
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Fig. 3. SEM micrographs of FCBs a-b) B-1 sample with 0% of ESP c-d) B-2 with 5% of 

ESP e-f) B-3 with 10% of ESP g-h) B-4 with 15% of ESP fired at 900 and 1000 °C. 

Fig. 4 shows the X-ray diffraction peaks of eggshell powder, clay soil, and the fired 

clay bricks. In Fig. 4a, the X-ray diffraction peaks of eggshell powder presented the 

characteristics peaks of calcium oxide (CaO) and portlandite Ca(OH)2 at ambient 

temperature. The presence of calcium oxide (CaO) was due to the decomposition of 

calcite (CaCO3) when eggshells were calcined at a temperature of 900 °C at a heating rate 

of 5 °C min-1 for 1.5h as shown in the chemical equation below: 

CaCO3 (s)                  CaO(s) + CO2 (g) 

 However, the formation of portlandite in the calcined eggshell powder was 

attributed to the presence of moisture (H2O) in the air, which promoted hydration of 

calcium oxide to calcium hydroxide, as shown below. 

CaO (s) + H2O (l)                  Ca(OH)2(s) 

The presence of calcium oxide/ calcium hydroxide enhanced the technological 

properties of the clay bricks as a flux during a sintering process. On the other hand, clay-

soil displayed the characteristics peaks of quartz, kaolinite, clinochlore, haematite, and a 

group of micas, namely muscovite and phengite. The presence of haematite might have 

imparted red coloration in the fired clay bricks during a sintering process. In Fig. 4b, the 

X-ray diffraction patterns of the fired clay bricks without and with eggshell powder fired 

at 1000 °C are presented. The XRD peaks of fired clay bricks without eggshell powder 

(e) 

(g) 

(f) 

(h) 
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(C-1) displayed the peaks of quartz, corundum, hematite, and anatase predominantly due 

to the solid-state sintering process [40]. However, the X-ray diffraction peaks of the fired 

clay bricks incorporated with 5, 10, and 15 wt.% of eggshell powder revealed the presence 

of quartz, anorthic phase (CaAl2Si2O8), wollastonite (CaSiO3), and haematite as the main 

mineralogical phases. The presence of the mentioned phases identified in fired clay bricks 

was observed to enhance the technological properties of the samples fired at 1000 °C.  

  

Fig. 4. X-ray Diffraction patterns of a) calcined eggshell powder and clay soil  

b) FCBs with 0, 5, 10 and 15 wt.% of eggshell powder fired at 1000 °C. 

Technological Properties Characterization  
The technological properties of fired clay bricks, namely water absorption, 

apparent porosity, bulk density, and compressive strength, were determined in this study. 

In Fig. 5, the FCBs showed a decreasing trendy in water absorption values as the firing 

temperature was increased. However, the lowest values of water absorption were 

observed in FCBs with 5, 10, and 15 wt.% of calcined eggshell powder. This might be 

influenced by the formation of the glassy phase and densification in the FCBs.  

The presence of CaO/Ca(OH)2 acted as a flux to enhance vitrification of FCBs as a 

temperature was increased. Moreover, the FCBs with 0, 5, 10, and 15 wt.% of  

eggshell powder fired at 800-1000 °C displayed water absorption values in the range of 

11.1-15.6 %. 

(a) (b) 
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Fig. 5. Water absorption of fired clay bricks sintered at 800, 900, and 1000 °C. 

In Fig. 6, the apparent porosity of FCBs was observed to have a declining trendy 

from 800 to 1000 °C. However, the lowest values of apparent porosity were observed in 

FCBs incorporated with eggshell powder due to densification and vitrification [35]. 

Furthermore, the filler effect of eggshell powder and vitrification mechanism influenced 

inter-particle cohesion, which reduced the number of pores in FCBs matrices. The fired 

clay bricks with 10 and 15 wt.% of calcined eggshell powder displayed the lowest values 

of apparent porosity. The lowest apparent porosity of FCBs incorporated with eggshell 

powder might be attributed to the addition of CaO as a flux in the clay matrix, which 

influenced the technological properties as the firing temperature was increased. 

 

Fig. 6. apparent porosity of fired clay bricks sintered at 800, 900, and 1000 °C. 
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In Fig. 7, the bulk density of FCBs displayed an increasing trend with an increase 

in calcined ESP content and firing temperature from 800-1000 °C. The mechanism might 

be influenced by densification due to the filler effect of ESP in the clay soil and 

vitrification as the result of the sintering firing process. The current experimental results 

are similar to the study of Tangboriboon et al. [35] and Amaral et al. [19], who reported 

the filler effect of eggshell powder on granulometric composition in clay-filler mixture 

and vitrification on high firing temperature. However, the FCBs with 15 % of ESP bulk 

density of 2.1 g/cm3 compared to other FCBs samples as a result of enhanced vitrification 

and densification at 1000 °C, which can be considered as an energy-saving process. 

 

Fig. 7. Bulk density of fired clay bricks sintered fired at 800, 900, and 1000 °C. 

Compressive Strength Characterization of the FCBs 
In Fig. 8, the compressive strength of FCBs showed an increasing trendy with an 

increase in calcined ESP content and sintering temperature. The incorporation of ESP 

enhanced the densification of FCBs during the sintering process due to its flux effect. 

Besides, the formation of anorthic and wollastonite phases contributed to the increase in 

the compressive strength of the fired clay bricks. The FCBs with 10 and 15 wt.% of ESP 

were observed to have the highest compressive strength at 1000 °C. However, all FCBs 

incorporated with ESP gave the highest strength than those without ESP at 1000 °C, with 

15% of ESP attaining the highest compressive strength of 4.8 MPa. Subsequently, the 

process of densification and vitrification, as well as the formation of mullite and anorthic 

phases, influenced the technological properties of the FCBs greatly. 
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Fig. 8. Compressive strength of fired clay bricks sintered at 800, 900, and 1000 °C. 

Conclusion  
In this research work, the eco-friendly use of ESP as a bio-filler and flux to enhance 

the technological properties of FCBs was experimentally investigated. Thus, 

incorporation and effective use of calcined ESP as a bio-filler and a flux displayed a 

significant improvement of the technological properties compared to FCBs with the pure 

clay mixture. Besides, the FCBs with 15% ESP gave the compressive strength of 4.8 MPa, 

the bulk density of 2.1 g/cm3, and a lower water absorption value of 11.1 % due to 

enhanced densification and vitrification at 1000 °C regarded as an energy-saving in the 

manufacture of FCBs. Furthermore, the formation of anorthic and wollastonite phases 

greatly influenced the technological properties of the fired clay bricks.  

 Therefore, innovative utilization of ESP as bio-filler and flux is thus considered 

the best eco-friendly approach in managing eggshell waste from food processing 

industries. Moreover, the study will give solutions to environmental concerns caused by 

the inappropriate dumping of eggshell waste on our environments.  
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