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Introduction

Scope of the problem

Geopolymer is a semi-crystalline aluminosilicate material with a three-dimensional net-
work, which was firstly used by Davidovits [1]. It could be prepared by mixing an aluminos-
ilicate powder with an activating hardener [2]. The activating hardener was applied as water 
glass (Na2SiO3 or K2SiO3), and phosphoric acid (H3PO4) [2-5]. Several studies have been done 
on the synthesis of porous geopolymer cements, which used in many applications in eco-con-
struction [6], adsorption [7,8], catalysis [9], water absorption and many others [10,11]. This 
type of cements is similarly synthesized as those with no pores, but only a pore-forming agent 
whether a powder or a solution must add to the aluminosilicate material. These pore-forming 
agents that are used in an alkaline medium are aluminum powder [12,13 ], silica fume [14], 
hydrogen peroxide [2,15-17], sodium perborate -----etc. [18], which are very expensive. Also, 
metakaolin could be used as a source of aluminosilicate to produce porous materials. Geo-
polyms synthesized from metakaolin often have properties similar to those obtained from 
volcanic slag. This is contributed to the low reactivity of volcanic slag if compared to those 
of metakaolin. The low reactivity of volcanic slag is due to its low specific surface area when 
compared to that of metakaolin [19].
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Abstract
Geopolymer cements were prepared using a bioactive waste like Egg Shell Powder (ESP) and Commercial 
Calcium Carbonate (CCC). These geopolymer cements were prepared by adding 6M phosphoric acid as 
a chemical hardener to siliceous clay containing 0, 3, 6, 9, 12 and 15wt. % from ESP and CCC. Results 
showed that Toshka clay (T-C) which is siliceous material, and it is mainly composed of kaolinite, illite 
and quartz phases. This was confirmed by the XRD patterns, and other trace minerals have also been 
found. The ESP is composed of calcium carbonate, CaCO3. Results showed that the bulk density of the 
prepared geopolymer cements improved and increased with the gradual replacement with ESP or CCC at 
the expense of the T-C only up till 12wt. %, while the water absorption and apparent porosity decreased, 
whereas the flexural and compressive strengths improved and enhanced. However, all the characteristics 
of geopolymer cements based on ESP are higher than those based on CCC. The optimum geopolymer 
cement was that incorporated 12wt. % ESP waste because it achieved the best results. It was also 
concluded that the low-grade calcium carbonate-rich wastes of the egg shells could be used as a pore-
forming agent to produce porous geopolymer cements. This could be successfully utilized as thermal 
insulation units if the geopolymer cement incorporated high amounts of it.
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Recycling of natural bio/wastes, e.g. chicken or generally birds 
eggshells, oyster shells, snail shells and/or agro/wastes, e.g. rice 
husk ash [20], wheat stalk ash [21], sun flower ash [22], sugarcane 
bagasse ash [23], saw dust ash [24], coir pith ash [25], Physalis pith 
ash [26], glass waste powder [27], limestone waste powder [28], 
etc. offers many economic and environmental benefits, as it helps 
to reduce disposal costs in landfills and maintain a healthy environ-
ment. Though these eggshells have a high content of CaCO3, until to-
day it is not yet used as a pore-forming agent for the production of 
porous geopolymer materials in acidic and/or alkaline media hard-
eners or activators. Geopolymeric materials are often characterized 
by its low thermal conductivity, low compressive strength and low 
bulk density [29,30]. The blowing agents which commonly used for 
the production of porous geopolymer cements are aluminum pow-
der [29-31], hydrogen peroxide [2,32], silica fume [33], sodium per-
borate [18,34 ] when used waste glass powders to prepare porous 
geopolymers using eggshell powders as a source of CaCO3 [35,36]. 
Also, porous geopolymeric cements based on phosphoric acid were 
prepared using limestone as a pore-forming agent.

Goals of the study

The main goal of the present work is to prepare geopolymer 
cements from a siliceous clay incorporating a bioactive waste ma-
terial as eggshell powder and comparing with those obtained by 

using commercial calcium carbonates CaCO3. The physical and me-
chanical properties were investigated.

Experimental

Raw materials

The raw materials used in this study are clay (T-C), Commer-
cial Calcium Carbonate (CCC), commercial Phosphoric Acid (PA) 
and Bio-Calcium Carbonate (BCC) which was taken from chicken 
eggshells. A representative clay sample of Dakhla Formation from 
Tushka region at South Western Desert, Egypt was used in this 
work as the main raw material. The Stratigraphic units, represent-
ing the rock outcrops in Wadi Kurkur area from the base to top are 
Nubia, Dakhla, Kurkur, Garra, Dungul Formations and quaternary 
deposits [37,38]. Following the deposition of Nubia Formation, ma-
rine conditions prevailed, which are resulting in the deposition of 
shale with a little sandstone and carbonate intercalations during 
Maastrichtion time (the Dakhla Formation [39]. At Wadi Kurkur, 
the Dakhla Formation crops out with a variable thickness, reaching 
its maximum at the latitude 23° 57¯N and longitude 32° 23¯E (Map 
1). It appears like a wall formation, composed of about 5 m thick 
compact grayish-green shale with discontinuous cracked bed at the 
base, followed by ferruginous thin bands intercalated with siltstone 
bands. This is followed by other 10m thick fossile greenish gray 
shale with alternated siltstone layers at the top [40].

Map 1: Location map (After Awad, 2003).

The clay sample (TC) was taken from Toshka region. Toshka re-
gion is located on latitude 20° 30¯N and longitude 31° 53¯E at 250km 
south of Aswan which was related to the Upper Cretaceous age [41]. 
About 30kg clay was collected from the 85thkm north of Aswan/
Abu-sumple asphaltic road (Map 1). It is a dark yellowish grey. The 
clay sample was crushed, ground and quartered to have a represen-
tative sample, which was well ground to pass a B.S. 100 mesh sieve. 
The chemical analysis of the T-clay sample as performed with X-ray 
florescence technique (XRF) is SiO2, 48.74%, Al2O3 17.72%, Fe2O3 

10.86 %, CaO 1.11%, MgO 1.99%, Na2O 1.08 %, K2O 0.97 %, TiO2 
1.85 %, P2O5 0.21 %, Cr2O3 0.02 %. Hence, the major components of 
clay sample are silica (48.74%), alumina (17.72%) and iron oxide 
(10.86%) in addition to ~7.0% of other minor oxides. This means 
that the total fluxing oxides of the clay sample is ~18.0%. The TC 
sample was calcined up to 850 °C for two hours soaking time in a 
suitable furnace before its using. The shells were collected from a 
local plant in Beni Suef, Egypt. These shells were first well-washed 
with tap water several times to remove the organic content. Then, it 
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lets to dry in the open air for 4 hours directly under the sun shine. 
After that, the shells were manually broken into small pieces (about 
1-3mm). The broken shells had fired up to 500 °C in a suitable elec-
trical oven for 2 hours soaking time with a heating rate of 10 °C/ 
min.  Then, the calcined shells were well ground  using a ball mill 

to obtain  the very fine shell powder.  This powder was  sieved till 
the full passage through 80µm mesh sieve. The CCC and PA were 
supplied by El-Gomhoria chemical company, Ramsis street, Egypt 
(Figure 1).

Figure 1: Location of Toshka area from which the clay sample was taken.

Preparation of the hardener

The hardener was prepared by diluting the commercial solu-
tion of phosphoric acid (H3 PO4, 85% purity) in distilled water to 
obtain 6M concentration solution. The prepared hardener was left 
at room temperature before use for 24 hours [42-46].

Geopolymer cement production process

The fresh geopolymer cement batches were prepared by grad-
ually substituted with the two types of carbonates (CCC and BCC) 
containing 0, 5, 10 and 15wt. %. Therefore, there are two groups 
according to the type of carbonate. The first group was containing 
50wt. % T-clay and 50wt.% commercial CaCO3, and the bio-carbon-
ates (BCC) was substituted at the expense of CCC. The second group 
was containing 50wt. % T-clay and 50wt. % boi-CaCO3 (BCC), which 
was substituted by CCC. Table 1 shows the batch composition of the 
two groups. These batches were manually mixed for three minutes 
and then mixed mechanically in a suitable mixer for another three 
minutes.  The hardener solution was gradually added to  the  pre-
viously calcined  clay  (metakaolin).  The liquid to solid mass ratio 
was maintained at 0.83. Hence, the various formulations were then 
mixed manually for 5 minutes. The geopolymer cement pastes were 
molded into cubic stainless-steel molds (2.5 x 2.5 x 2.5cm3).  The 
test pieces were then placed in a suitable lab. oven at 65 °C for 24 

hours to accelerate the polycondensation process.  The obtained 
geopolymer cement are then demolded, sealed in plastics and left 
at room temperature (25±1 °C) and a relative humidity of (55±5%) 
for 28 days.

Table 1: Batch composition of the two groups containing 
wates of BCC and CCC, wt. %.

Group Material G0 G1 G2 G3 G4 G5
BCC 0 3 6 9 12 15
CCC 0 3 6 9 12 15

The water absorption, Bulk Density (BD) and apparent porosi-
ty (%) of the hardened geopolymer pastes [47-51] were calculated 
from the following equations:

W.A, % = (W1 - W2) ∕ (W3) × 100 (1)

B.D, (g/cm3) = W3 / (W1-W2) (2)

A.P, % = (W1 - W3) / (W1-W2) × 100 (3)

Where, W1, W2 and W3 are the saturated, suspended and dry 
weights, respectively. Rod-shaped samples of 1x1x7cm3 dimensions 
were cast for Flexural Strength (FS) where it could be carried out 
using a simple beam with three points loading system (Figure 2). 
The strengths were determined with a hydraulic press. The deter-
mination of the flexural strength was carried out by uniform load-
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ing at speeds of (50±10) N/s, while the compressive strength was 
determined by uniform loading at a rate of (2400 ± 200) N/s [51]. 
The FS [52-54] could be measured due to the following relation:

FS, MPa = 3 (L x S) / 2 (W x T2) / 10.2 (4)

Where, FS is the flexural strength, MPa, L is the beam or load-
ing of rupture, kg, S is the Span (distance between the two lower 
beams, 5cm), W and T are the width and thickness of samples, cm.

Figure 2: Schematic diagram of the bending strength, L: load, S: spam, T: thickness, W: width.

The compressive strength (CS) of the various hardened cement 
pastes [54-57] was measured and calculated from the following re-
lation:

CS = L (KN)/Sa (cm2) KN/m2 x 102 (Kg/cm2)/10.2 (MPa) (5)

Where, CS is the compressive strength (MPa), L is the load taken 
(Kg), Sa is the surface area. Thereafter, about 10 grams of the bro-
ken specimens were first well ground, dried at 105 ºC for 30min. 
and then were placed in a solution mixture of 1:1 methanol: ace-
tone to stop the hydration [58-60].

The XRD analysis was achieved by a Phillips X-ray diffractom-
eter (XRD), PW 1710 powder with an anticathode copper radia-
tion and Cu-Kα radiation, wave length of 1.54178 Å and a graphite 
monochromator. The tube working voltage was 40kV and current 
strength was 30mA, in the range 5-50° 2θ with a step of 0.02 and 
0.5 seconds retention time for each step. The DTA-TGA analysis was 
carried out using NETZSCH Geratobau Selb, Bestell-Nr. 348472c at 
a heating rate 10 °C/min up to 1000 °C. The fourier transform infra-
red spectra (FT-IR) were performed by Pye-Unicum SP-1100 in the 
range of 4000-400 cm-1 and a resolution of 500cm-1. The particle 
size distribution (PSD), X-ray fluorescence (XRF), X-ray diffraction 

(XRD) patterns and DTA-TGA analyses were carried out in the Met-
als Institute, El-Tabbine, Cairo, Egypt. The FT-IR analysis was done 
in the National Research Centre, Dokki, Cairo, Egypt [61].

Results and Discussion

Characterization of clay and eggshell samples

Table 2: Particle size distribution of the T-clay and egg-
shell samples, µm.

Materials Particle Size Distribution, µm

Size >63 63-16 16-8 8-2 <2 Total

T-Clay 1.43 1.68 2.96 9.14 84.79 100

Eggshell 0.12 0.16 0.18 1.31 98.23 100

Table 2 shows the particle size distribution of the T-clay and 
eggshell powder samples, respectively. The T-clay sample contains 
about 0.06℅ gravel, 32.58% sand, and 8.25 ℅ silt and 59.11℅ 
clay.  The eggshell contains about 98.23wt. % very fine particles. 
Results of analysis proved that the T-clay sample has a very wide 
granulometry because its uniformity coefficient is greater than 200. 
Hence, it is siliceous clay with a few silts and nearly with no gravel 
[62].

Figure 3: The DTA-TGA thermograms of the T-clay sample.
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The T-clay sample was characterized by the DTA-TGA thermo-
grams, while that of the eggshell was by XRD patterns and FT-IR 
spectra. Figure 3 illustrates the DTA-TGA thermographs of the used 
T-clay sample. The endothermic peak at the temperature range 
100-400 °C is due to the evaporation or dewatering of the free or 
hygroscopic water, absorbed and/or structural water. The endo-
thermic peak at the temperature range of 750-900 °C is due to the 
calcination of limestone. The endothermic peak at the temperature 
range 500-760 °C is contributed to the conversion of kaolinite phase 

(Al2O3. 2SiO2.2H2O or AS2H2) to metakaolin phase (Al2O3.2SiO2 or 
AS2), which in turn is converted to mullite phase (3Al2O3.2SiO2 or 
A3S2) at 980-1000 °C [60,61]. 

Figure 4 illustrates the X-ray diffraction patterns (XRD) of the 
T-clay and eggshell powder samples. It indicates that all of the char-
acteristic peaks of calcite (CaCO3) were detected in the eggshell 
sample, i.e. the eggshells are mainly composed of natural calcium 
carbonates [62-64], while the T-clay sample is essentially com-
posed of kaoline, quartz, illite and gibbsite.

Figure 4: XRD patterns of the T-clay and eggshell powder samples.

Figure  5  shows the FT-IR spectra  of the eggshell powder 
sample.  The weak absorption bands at the temperature range of 
1660-16750cm-1 and 3500-3650cm-1 are attributed to the dewater-
ing or evaporation of free water and decomposition of combined 
water, respectively indicating the OH- or H-O-H bonds of water 
molecules [65]. Also, the bands at 782, 2518, 2877, 2985cm-1 are 

assigned to stretching vibration modes of C=O bonds of carbonate 
groups [61], while those at 713, 875 and 1419cm-1 are attributed to 
the vibrations bands of the CO bonds of calcite. The bands at 1154 
and 673cm-1 are essentially contributed to the CO3

2- ions [61]. The 
stretching band at 597cm-1  is mainly assigned to the O-Ca-O and 
Ca-O bonds [61,63].

Figure 5: FT-IR spectrum of the eggshell powder.

Physical properties

Water absorption: Water absorption of the various geopoly-

mer bricks incorporated gradual ratios of ES and CCC wastes is 
graphically represented in Figure 6. It is obvious that the water ab-
sorption values of the prepared bricks decreased as the content of 



Res Dev Material Sci          Copyright © HHM Darweesh

RDMS.000901. 17(1).2022 1912

both Egg Shell (ES) and Commercial Calcium Carbonate (CCC) in-
creased up to 12wt. % from each. This means that the apparent po-
rosity of the samples decreased too. With any further increase of ei-

ther FS or CCC, the water absorption values began to increase. This 
means that the apparent porosity started to increase, and therefor 
the mechanical propertied were adversely affected [54,62,66]. 

Figure 6: Water absorption of the geopolymer cements containing Egg Shell (ES) and Commercial Calcium Carbonates 
(CCC).

Apparent porosity: The apparent porosity of the various geo-
polymer bricks incorporated gradual ratios of ESP and CCC wastes 
is graphically plotted in Figure 7. It is clear that the apparent poros-
ity results of the prepared bricks decreased with the increase of the 
contents of both Eggshell Powder (ESP) and Commercial Calcium 
Carbonate (CCC) up till 12wt. % from each. This means that the wa-

ter absorption of the brick samples diminished. With any further 
increase of either FS or CCC contents >12wt. %, the values of appar-
ent porosity started to increase. This means that the water absorp-
tion increased too, i.e. results of apparent porosity was conformed 
with of the water absorption [46,47,66].

Figure 7: Apparent porosity of the geopolymer cements containing Egg Shell (ES) and Commercial Calcium Carbonates 
(CCC).

Bulk density: Figure 8 shows the bulk density of the vari-
ous geopolymer bricks incorporated gradual ratios of ES and CCC 
wastes. It is obvious that the bulk density data of the prepared 
bricks improved and enhanced as the content of both Egg Shells 
(ES) and Commercial Calcium Carbonate (CCC) increased up to 
12wt. % from each. This certainly attributed to the decrease of the 
total porosity of the samples [47,62,66]. With any further increase 
of either FS or CCC >12wt. %, the obtained data of the bulk densi-

ty decreased. This may be due to the increase of the total porosi-
ty [66-68]. Therefore, the optimum brick batch is that containing 
about 12wt. % (G4) because it achieved the best results, though 
that the obtained data with brick batches including the egg shells 
were higher than those with the commercial carbonates. Hence, the 
higher quantities from both egg shells and/or commercial carbon-
ates must be avoided. 
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Figure 8: Bulk density of the geopolymer cements containing Egg Shell (ES) and Commercial Calcium Carbonates 
(CCC).

Mechanical properties

Flexural strength: The flexural strength of the various geo-
polymer cements incorporated gradual ratios of ES and CCC wastes 
is graphically drawn in Figure 9. The flexural strength results of the 
prepared bricks improved and increased as the contents of either 
egg shells (ES) or Commercial Calcium Carbonate (CCC) increased 
only up to 12wt. % from each, and then declined. The increase of 
flexural strength is essentially attributed to the decrease of the to-
tal porosity which in turn reflected positively on the bulk density. 
The improvement and the increase of the bulk density evidently 
improved and enhanced the flexural strength [62]. The increase 
flexural strength due to of eggshell powders is mainly contributed 

to the formation of a large quantity of crystalline phases in the mi-
crostructures of geopolymer bricks which could played a vital role 
in the reaction process between the different components of either 
ES or CCC [62,66-68 ]. This also may be acted as filler [68]. However, 
the obtained flexural strength date with ES was higher than those 
obtained with CCC. This may be due to the weak reactivity of CCC 
particles causing a precipitation reaction between the dissolved 
species during the depolymerization of CCC that is favoring the for-
mation of crystalline phases which can consume a large quantity 
of the PO4

3-  ions from phosphoric acid [67-69]. On the other side, 
the flexural strength diminished if the content of either ES or CCC 
increased >12wt. %. Therefore, the higher amounts of both must 
be prevented.

Figure 9: Flexural strength of the geopolymer cements containing Egg Shell (ES) and Commercial Calcium Carbonates 
(CCC).
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Compressive strength: The compressive strength of the pre-
pared geopolymer bricks containing gradual replacing of ES and 
CCC wastes (0-15wt. %) is graphically plotted in Figure 10. The re-
sults of compressive strength of the prepared bricks improved and 
enhanced with increasing the contents of either Egg Shells (ES) or 
Commercial Calcium Carbonate (CCC) only up to 12wt. %, and then 
diminished. The increase of compressive strength is principally 
attributed to the decrease in the total porosity of the specimens, 
which in turn reflected positively on the bulk density. Improving of 
the bulk density evidently improved and enhanced the compres-
sive strength [47,62,68,69]. The increase of compressive strength 
due to of ES or CCC powders is mainly according to the formation 
of a large quantity of crystalline phases in the microstructures of 
geopolymer bricks. This could be played a vital role in the reaction 

process among the various ingredients of both ES and CCC [66,69]. 
This also may be due to the filler action of the very fine particles 
of both [70]. The obtained values of compressive strength with 
ES were higher than those obtained with CCC. This is mostly due 
to the weak reactivity of CCC particles than those of ES causing a 
precipitation reaction between the dissolved species during the de-
polymerization of CCC. This is favoring the formation of crystalline 
phases which can consume a large quantity of the PO4

3- ions from 
phosphoric acid [62,65-70].  On the other hand, the compressive 
strength diminished when the content of either ES or CCC increased 
>12wt. %. Therefore, the higher amounts of both wastes must be 
prevented because the higher amounts of ESP help to create more 
pores, which in turn reflected negatively on the bulk density and 
mechanical properties.

Figure 10: Compressive strength of the geopolymer cements containing Egg Shell (ES) and Commercial Calcium 
Carbonates (CCC).

General Discussion

When the used T-clay sample was subjected to calcination 
at the temperature range 0-1000 °C, the kaolinite phase (Al2O3.
2SiO2.2H2O or AS2H2) was converted to metakaolin phase (Al2O3.
2SiO2 or AS2) through the dissociation of water from its structure at 
the temperature range 500-600 °C (Equation 6). So, the used T-clay 
was in the form of metakaolin. This phase was in turn converted to 
mullite phase (3Al2O3.2SiO2 or A3S2) at the temperature range 980 
-1000 °C [62,63] as follows:-

500 600
2 3 2 2 2 3 2 2Al .2SiO .H O Al O .2SiO +H OCO − °→  (6)

900 1000
2 3 2 2 3 2Al .2SiO 3Al O .2SiOCO − °→  (7)

At the temperature range 800-900 °C, the limestone or calcium 
carbonate was decomposed to calcium oxide as follows:

800-900°C
3 2CaCO CaO+CO→ ↑  (8)

The formed new phases had interacted with those of ESP and 
CCC to produce new crystalline phases which improved the phys-
ical properties and increased the mechanical properties of the 
hardened geopolymer cement pastes. On this basis, the density of 
geopolymer cements increased due to the aluminosilicate materials 
of metakaolin phase of T-clay. The decrease of the density and the 
increase of water absorption and porosity are due to the ion size of 
the pores in geopolymeric cement structures, and the diameters of 
the pores could be increased as more eggshell powders were add-
ed. Although these values ​​decrease, the values ​​of the bulk densities 
of the geopolymer cements synthesized are much higher than those 
obtained by other researchers [64,71]. 

Conclusion

Results demonstrated that both water absorption and apparent 
porosity decreased with the gradual replacement by ESP or CCC at 
the expense of the T-C by ratios from both materials by 0, 3, 6, 9, 12 
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and 15wt. % only up till 12wt. %, while the bulk density increased. 
The flexural strength and compressive strengths of the prepared 
geopolymer cements are also improved and enhanced. However, 
all the characteristics of geopolymer cements based on ESP are 
higher than those based on CCC. The optimum geopolymer cement 
was that incorporated 12wt. % ESP waste (G4) because it achieved 
the best results. It was also concluded that the low-grade calcium 
carbonate-rich wastes (Egg Shells) can be used to produce porous 
geopolymer cements. Results also proved that eggshell powder can 
be used as a pore-creating agent when used with higher quantities 
when the target is to produce porous geopolymer cements. These 
types of cements can be used as a thermal insulator material. More-
over, the properties of these porous geopolymer cements could be 
improved if the concentration of the  used solution of phosphoric 
acid increased.
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