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Abstract

Industrial byproducts are being increasingly used as raw
materials in the cement clinker production. This can help to
address the issue of huge amounts of eggshell waste that
are discarded into the environment. This bio-waste has a
trigonal-calcite structure and similar behaviour as limestone.
In this study, cement clinker is synthesized at 1300 °C using
eggshell waste in place of limestone. The raw materials are
mechanically activated in a high-energy mill. The sintering
kinetics are calculated using the results of differential ther-
mal analysis. Mechanical activation modified the spatial
distribution of Al, Si, Ca, and Fe, thereby improving the
reactivity which in turn decreased the sintering temperature
of the clinker. The study demonstrated that eggshell waste
is a suitable replacement for limestone in the production of
ordinary Portland cement.

INTRODUCTION

Given the rapid rise in construction and infrastructure
works, the need for cement-based products has led to a sig-
nificant environmental impact through the manufacturing of
building materials. The beneficial characteristics of ordinary
Portland cement (OPC) include good workability, quick
setting, rapid hardening, superior mechanical properties, and
appropriate chemical resistance /1/. For these reasons, OPC
has been the primary binder in the building industry for over
200 years. OPC is generally employed along with aggregates
and water to produce concrete or mortar. The cement solidi-
fies through a complex hydration process to provide the
necessary strength for structural elements or construction,
[2-4]. The manufacturing of cement surged significantly in
the 2000s, amounting to 4000 million tons in the preceding
ten years. Cement production and consumption accounts for
8 % of the global CO, emissions, /5-8/. From the overall
total, the production of clinker accounts for 50 % of the
carbon emissions, fuel combustion for 40 %, and transpor-
tation, raw material processing, drying, crushing, and blend-
ing for 10 %, /9/. Cement consumption is unlikely to
decrease in the near future due to the availability of the
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Kljuéne reci
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« gradevinski materijali

lzvod

Industrijski nusproizvodi se sve vise koriste kao sirovine
u proizvodnji cementnog klinkera. Ovo moze pomoci da se
resi problem ogromnih koli¢ina bio-otpada (na pr. ljuske
od jaja) koji se odlazu u zivotnu sredinu. Ovaj biootpad ima
trigonalno-kalcitnu strukturu i karakteristike slicne krecnja-
ku. U ovoj studiji, cementni klinker je sintetizovan na
1300 °C koristeéi biootpad umesto krecnjaka. Sirovine su
mehanicki aktivirane u visokoenergetskom mlinu. Kinetika
sinterovanja je izracunata na osnovu rezultata diferencijalne
termicke analize. Mehanicka aktivacija je modifikovala pros-
tornu distribuciju Al, Si, Ca i Fe, ¢ime je poboljsana reaktiv-
nost, §to je zauzvrat smanjilo temperaturu sinterovanja klin-
kera. Studija je pokazala da je otpad od ljuske jajeta
pogodna zamena za krecnjak u proizvodnji obicnog port-
land cementa.

natural resources needed for its production and the ongoing
large-scale construction projects taking place all over the
world. For every kilogram of cement produced, an estimated
0.9 kg of COs is released, with the calcination and combus-
tion processes contributing to more than 90 % of the total
CO; emissions, /10, 11/. The predominance of non-renewa-
ble resources in cement manufacturing has given rise to
significant environmental concerns. Consequently, research-
ers and industry professionals are developing creative solu-
tions to deal with these growing issues.

Commercial manufacturing of OPC involves calcinating
the raw materials in a rotating kiln. Rotary kilns are not
energy-efficient, but research is in progress to make this
process less energy-demanding, improve the ability to use
diverse energy resources, and increase environmental friend-
liness, /12, 13/. Principal components of OPC are limestone,
quartz, clay, and slag (e.g., blast furnace slag or similar Fe-
bearing slag); however, various industrial wastes have occa-
sionally been used to produce cement clinker. A current
research trend in the cement industry is recycling waste
materials to reduce industrial byproducts from landfills.
Numerous studies on the reuse of industrial waste as an
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alternative for OPC raw materials have been conducted in
response to the growing social demand for sustainability
and circularity. The cement industry has also made major
efforts in this direction, /14-17/. A cautious approach has
been taken to the resources used in the production of cement
clinker since alternative raw materials also need to be acces-
sible in adequate quantities and of acceptable quality.

Numerous attempts were made to find substitutions for
cement or raw materials for cement production. Reusing
waste materials could reduce the amount of cement used and
the harm that open waste disposals impose on the environ-
ment, /18-20/. For example, reusing fine sediment waste
from hydroelectric dams that contain Si- and Al-based miner-
als for cement clinker is a viable option, /21/. Research was
also conducted on waste materials that include quartz /22/,
concrete and ceramic waste /23/, red mud /24/, and coal
combustion fly ash (FA) /25/. Iron ore tailings /26/ and
crushed steel slag /27/ have also been employed in the pro-
duction of cement clinker. Comparatively less research,
however, has been done on substitutes for limestone as a
raw material in cement production, /28-30/. Agriculture
residues are among the solid wastes that can be reused in
the building industry. Recent research has employed these
byproducts as a partial cement replacement. Ash from rice
husks /31/, sawdust ash /32/, sugar cane bagasse /33/, and
oyster shell ash /34/, have all been investigated as cement
substitutes. Even though standard industrial byproducts such
as fly ash show outstanding structural performance, using
bio-based wastes provides advantages such as being readily
accessible, economical, lightweight, recyclable, energy-effi-
cient, and environmentally acceptable.

One example of bio-based waste for which a suitable recy-
cling treatment method has not yet been proposed is the
protective shell that surrounds eggs. Global egg production
is increasing, and it is estimated that 8 million tons of waste
eggshells (ES) will be produced yearly. ES are discarded in
large amounts despite the fact that they can be used to make
calcium phosphate ceramics, as a biofuel feedstock, as an
extractor for ionic contaminants, and as fertilizer, /35/. The
primary component of ES is CaCOs;, which makes up 96-
97 % of the total weight. Membranes and other organic com-
ponents make up the final 3.4-5 % weight. Trigonal calcite
is the calcium carbonate structure found in eggshells and is
the same as that of limestone, which is an essential miner-
alogical component of OPC binder, /36/. Therefore, dry
powder calcium carbonate can be used as a cement alterna-
tive in building materials.

Using ES powder in various construction materials helps
mitigate environmental issues due to the direct recycling of
this bio-waste /37-39/. ES powder has been assessed for use
in sustainable, cost-effective construction as cement pastes,
mortars, concrete, soil stabilizers, and sandcrete blocks /40,
41/. Physical, chemical, morphological, and mineralogical
characteristics of powdered ES are different from those of
cement particles, /41/. For instance, cement with a high
volume of fly ash (HVFA) was partially replaced with ES
to improve the subpar performance of concrete containing
FA. The ES is used as a source of calcium carbonate, which
was then utilized to accelerate the hydration of FA cement.
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When CaCOs; from ES was introduced to the HVFA cementi-
tious matrix, the carbonate ion and the aluminate hydrate
from Portland cement hydration interacted to produce carbo-
aluminates, /42/. Thereby, the addition of CaCO3; from ES
aided in the development of ettringite and mono-carbonate,
which improved the mechanical strengths of the resulting
concrete, /43/. In the work of Binici et al. /44/, powdered ES
is used as a physical shield to insulate structures from radia-
tion damage because ES concrete has lower radioactive per-
meability. Fine sand fractions are replaced with ground ES,
and the strengths are tested after 7, 28, and 90 days. The
development of strength is delayed as the ES additive ratio
increased. Pliya and Cree /45/ compared the natural lime-
stone with the efficacy of pulverized ES waste in cement
mortar as an OPC substitute. Due to the filler's influence on
the microstructure, replacing part of the cement with lime-
stone increased strength development in the mortar; never-
theless, mortar prepared with ES cement had inferior me-
chanical properties at all replacement ratios. Zain et al. /46/
investigated the rheological and mechanical properties of
self-compacting concrete (SCC) containing 0.6 um eggshell
particles as a partial replacement for cement. Sieve segrega-
tion tests, L-box, and slump flow were utilized to assess the
properties of the concrete mixture. Compressive and flexural
strengths were evaluated at 28 days. Theoretical values were
compared with the final flexural strength and fracture length
of the SCC beams. The flexural strength of ES-containing
SCC beams was comparable to that of Eurocode 2, while
the fracture length was smaller than the permitted value in
Eurocode 2.

Very few reports have been made on the use of ES waste
in the production of cement clinker up to this point, /47/.
The goal of this study is to produce cement clinker based on
pulverized eggshell waste as a substitution for limestone.
The eggshell cement clinkers (ESC) were synthesized under
identical conditions (high energy milling for 10, 20, and 30
minutes, and subsequent sintering at 1300 °C). All ESC
clinkers included pulverized eggshells, Fe-slag, and quartz.
The fourth component of the clinker varied: clay, zeolite,
bentonite, or fly ash. Outputs of mechanical activations were
compared using specific surface area analysis and scanning
electron microscopy (SEM) accompanied by energy disper-
sive X-ray spectroscopy (EDS) for targeted analysis of
sample surfaces. The kinetics of sintering were assessed
using the results of differential thermal analysis. The
obtained results confirmed the feasibility of manufacturing
bio-waste-based cement.

EXPERIMENTAL PROCEDURE

Characterisation of materials and mix design of cement
clinkers

Five different cement clinkers are prepared. The mix
design and labels are given as diagrams in Fig. 1. Eggshell
cement clinkers (ESC) contained eggshell (ES) as a substi-
tute for limestone (i.e., calcium carbonate), quartz sand (pure
Si0y), alumino-silicate mineral bearer (clay from Zajecar
deposit; zeolite from Vranjska banja deposit, bentonite from
Sipovo deposit, and fly ash from Kolubara power plant) /48,
49/, and Fe-slag. Limestone cement clinker (LSC) was pre-
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pared using limestone /50/, quartz sand, clay, and Fe-slag.
The Fe-slag contained 51.19 wt.% of iron. Mix design and
labels of experimental mixtures for production of cement
clinkers are given in Fig. 1.

90% ™ Quartz Clay Fe-slag ES  mZeolite Bentonite  ®Flyash  ® Limestone

80% -
70%
60%
50%
40%

30%

Component raw material

20%
10% | ‘wm 2
I 1 I

0%
ESC-1 ESC-2 ESC-3 ESC-4 LSC

Experimental sample
Figure 1. Mix design and labels of experimental mixtures for
production of cement clinkers.

Raw materials are dried at 105 °C in a laboratory dryer
before pulverization in a Herzog vibratory disc mill. Pulver-
ized samples (d50 < 63 um) are used for chemical analyses.
Identification and quantification of major oxides was con-
ducted by energy dispersive X-ray fluorescence method
(Spectro  Xepos, SPECTRO Analytical Instruments)
equipped with a 50 W and 60 V X-ray tube with a binary
Co/Pd alloy target anode. The excitation mode of the X-ray
tube utilized polarized/direct excitation. The characteristic
radiation emitted by the elements present in the sample was
collected by a silicon drift detector with a Peltier cooling
system. Loss on ignition (Lol) was measured at 1000 °C
using laboratory furnace.

Mechanical activation of mixtures for cement clinkers

Mixed raw materials were activated by means of the
laboratory high energy ball mill (SPEX D8000, SPEX Certi-
Prep). Dry high-energy ball milling was conducted using
tungsten carbide (WC) milling media and jar for 10, 20, and
30 minutes in an air atmosphere. All milled powders (ESC1-
4 and LSC) were sieved through a 60-mesh sieve. Contami-
nation from WC media was estimated by measuring the mass
of the media before and after milling and was below 1 wt.%.

Specific surface area of the mechanically activated sam-
ples was determined using the Brunauer-Emmett-Teller
(BET) method. A physisorption BET surface area analyser
(Nova 600 BET, Anton Paar) was used. The analysis gas
was N, with a relative pressure range (P/P0) from 10 to
0.5. Powders were degassed in vacuum for three hours at
100 °C prior to analysis.

Scanning electron microscopy (eLine Plus, Raith) accom-
panied by energy dispersive X-ray spectroscopy (QUANTAX,
Bruker) for targeted analysis of sample surfaces were per-
formed on mechanically activated powders.

Sintering of mixtures for cement clinkers

The samples ESC-1-4 and LSC were sintered in a labor-
atory chamber furnace at a maximal temperature of 1300 °C.
Pressed pellets were heated at 10 °C/min to 800 °C with a
one hour hold at that temperature. Then, the pellets were
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heated at 10 °C to 1300 °C and held for two hours, follow-
ing which the furnace was turned off.

Powder mixtures were subjected to differential thermal
analysis (SETSYS TG/DTA/DSC, SETARAM Instrumen-
tation). Samples (30 g) were placed in an alumina pan and
heated from 20 °C to 1000 °C. Heating rates were 10, 20,
and 30 °C/min. The analysis was performed in a static air.
The Kissinger approach, based on how the position of peak
maxima changes as the heating rate increases, was used to
analyse kinetics /55-54/. The following equation illustrates
how reaction rate varies with temperature, /51-54/:

da
—_—= X ’ 1
& f () xk(T) 1)

where: « is the reaction’s extent; f () is a function of the
reaction mechanism; and k(T) is the rate constant at tem-
perature T. The k(T) has Arrhenius equation form:
a

k(T)=Ae RT, (2)
where: A (min) is the pre-exponential factor or frequency
factor (theoretical value is A= 1x10 s%); Ea (kJ-mol™) is
the apparent activation energy of the transformation; R is
ideal gas constant (R = 8.314 kJ-mol*K™); and T (K) is
absolute temperature.

The general rate equation is typically formulated by com-
bining the Arrhenius equation, Eq.(2), and the reaction rate
Eq.(1), /51-54/:

Ea
‘L—szx f(a)e RT . 3)

A final form of Kissinger equation is derived by per-
forming diffraction by sections of Eq.(3) and other transfor-
mations as described in other studies, /51-54/:

in( £ =|n[AxR]_ Ea_, (@)
Tp Ea R><Tp
where: S is a constant heating rate dT/dt (Kmin™); and T,
(K) is maximal absolute temperature at which the reaction
maximum occurs.

Varying the rate of heating results in different peak tem-
peratures. Linear regression analysis of In(3/Ty?) versus
1/(RxTp) can then be used to compute the activation energy.
Namely, in this plot, the data points lie on a straight line
whose slope represents activation energy E, of the process.

RESULTS AND DISCUSSION

The chemical analyses of ESC1-4 and LSC powder
mixtures are provided in Fig. 2.

Figure 3 shows the change of specific surface area (SSA)
values with the duration of mechanical activation. The high-
est increase in SSA for the ESC powders was seen after 10
minutes of activation. The SSA increased by about 55 % for
all ESC mixtures for 10 minutes of activation. When the
activation period was raised from 10 to 20 minutes, the dif-
ference in SSA was around 20 %, and it was roughly 15 %
when the time was prolonged to 30 minutes. Among the ESC
mixtures, ESC-4 (fly ash) consistently exhibited the highest
SSA values, followed by ESC-2 (zeolite). The LSC sample
demonstrated different behaviour. Following an initial in-
crease in SSA of approximately 60 % after 10 minutes of
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activation, increments for 20 and 30 minutes of activation
were just 1-2 %. As a result, eggshell-based mixtures were
more easily activated than conventional limestone cement
clinker blends. Because the eggshell-based clinker mixtures
have higher SSA, they should be more reactive due to the
smaller mean particle size that will increase the number of
contacts with other particles.

Lol, %

805, %

TIdentified oxide
;\:1
o

AlOs, %
Si0a, %

0
Si0z, % ALOs, %
1514 212
14.65 21
14.86 1.58
15.03 136 176
14.14 242 215 4297 087

mLSC wESC4 wESC-3 mESC-2 mESC-1
Figure 2. Chemical composition of experimental mixtures for
production of cement clinkers.
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ESC-1 ESC-2 ESC-3 ESC-4 LSC
Experimental samples
Figure 3. Specific surface area of experimental mixtures for
production of cement clinkers.

Figures 4-8 give a preview of SEM analysis of the start-
ing (untreated) and mechanically activated clinker mixes.
Microphotographs are taken at 7500x magnification and
EHT =10.00 kV.

[ H - s | STANNES o~ e

Figure 4. SEM micrographs of ESC-1 activated for: a) 0 min;
b) 10 min; c) 20 min, and d) 30 min.
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Figure 5. SEM micrographs of ESC-2 activated for: a) 0 min;
b) 10 min; ¢) 20 min, and d) 30 min.

ESC-1 is composed of clay, eggshell powder, Fe-slag, and
quartz. As can be seen in the microphotograph of the initial
sample (Fig. 4a), the majority of the particles are submicron.
Quartz particles are typically larger (1.5-2 um in diameter).
Figure 4b shows ESC-1 after 10 minutes of mechanical acti-
vation. Nearly all of the particles are submicron in size with
very few apparent agglomerates. Figures 4c and 4d show
ECS-1 samples after 20 and 30 minutes of activation. The
clay particles formed agglomerates in both powders. Accord-
ing to microphotography and visual observation, a 10-min
activation period is suitable for the ESC-1 sample based on
apparent particle size reduction, but minimal agglomeration.

Figure 5 shows ESC-2 that consists of eggshell powder,
zeolite, Fe-slag, and quartz. Figure 5a shows prismatic and
rhombohedral particles that range in size from micron down
to submicron sizes. Quartz has larger grains, while zeolite
particles are less than 1 um in diameter. Figure 5c illustrates
an ESC-2 mixture mechanically activated for 20 minutes,
which has a mixture of individual grains and agglomerates.
Mechanical activation for 30 minutes resulted in the highest
degree of agglomeration, as shown in Fig. 5d.

W

BALTH Bot e PR A\ LT H

Figure 6. SEM micrographs of ESC-3 activated for: a) 0 min;
b) 10 min; ¢) 20 min, and d) 30 min.

STRUCTURAL INTEGRITY AND LIFE
Vol. 24, No.3 (2024), pp. 283-291



Bio-waste-based cement for sustainable civil engineering practice

Cement zasnovan na hio-otpadu za odrzivu gradevinsku praksu

ESC-3 is composed of eggshell powder, bentonite, Fe-
slag, and quartz. After 10 minutes of mechanical activation
(as shown in Fig. 6b) the agglomeration process began, but
some individual particles are also present. The size and
number of agglomerates appeared to increase after 20
minutes of milling as shown in Fig. 6¢. After 30 minutes of
milling, most of the particles gathered into a single, massive
structure (Fig. 6d).

The activation of a cement clinker mixture containing fly
ash (ESC-4) produced the best results after 10 and 20 min
of mechanical treatment. Figures 7b and 7c illustrate grain
mixes made up primarily of micron and submicron-sized
grains. In contrast to grains in Fig. 7d, the particles visible
in Figs. 7b and 7c have not yet fused into larger forms.

Figure 7. SEM micrographs of ESC-4 activated for: a) 0 min;
b) 10 min; c) 20 min, and d) 30 min.

BALTH SALTH

b) 10 min; c) 20 min, and d) 30 min.

Limestone is the most abundant component of the LSC
powders because it makes up about 79 wt.% of the compo-
sition. Although the overall chemical composition is similar
to the ESC composition, the activation behaviour is substan-
tially different. Specifically, the ESC compositions all ex-
hibited a significant rise in SSA that corresponded to a
clearly observable decrease in particle sizes during milling.
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Figure 8. SEM micrographs of LSC activated for: a) 0 min;

In contrast, the LSC mixture was not readily pulverized.
The mean grain size of the mixture was reduced with the
mean grain size decreasing threefold after 10 minutes of
mechanical treatment. Agglomerates formed at the same time
as the particle size reduction (as shown in Fig. 8b). The pres-
ence of agglomerates most likely influenced the minimal
change in SSA seen during subsequent milling. Figures 8a-d
show characteristic calcite crystals, which have prismatic
and rhombohedral shapes. These grains are quite similar to
those of calcite derived from pulverized eggshells. However,
mechanical activation was more effective on the eggshell
powder than typical limestone.

The spatial distribution of elements (Al, Ca, Si, and Fe)
on the grains of untreated and mechanically treated samples
was examined using EDS. Figures 9 and 10 show a targeted
analysis of ESC-4 samples surfaces that were mechanically
untreated (Fig. 9) and activated for 20 minutes (Fig. 10).

Figure 9. Spatial disposition of elements on grains of untreated
ESC-4 sample.

sample, mechanically treated for 20 min.

As represented by the area for each element shown in
Figs. 9 and 10, Ca is the most abundant element, followed
by Al and Si. Fe is quantitatively less abundant. Aside from
lowering the mean grain size of the clinker mixture, mechan-
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ical activation improved the distribution of the detected
elements (Al, Si, Ca, and Fe). This is particularly apparent
in the case of elemental iron. A wider and more dispersed
distribution of reactive chemical elements on the grains in
the mixture will contribute to the improved reactivity of the
clinker during thermal treatment.

Figures 11 and 12 show elemental targeted analysis of
the surfaces of LSC samples that were untreated (Fig. 11)
and mechanically treated for 20 minutes (Fig. 12).

Figures 11 and 12 show elemental targeted analysis of
the surfaces of LSC samples that have been mechanically
untreated and then treated for 20 minutes. As previously
stated, mechanical activation did not contribute to a consid-
erable reduction in grain size of the LSC mixture. However,
it improved the arrangement of elements on the surface of
the grains and thereby influenced increase in the reactivity
of the LSC clinker mixture.

LSC sample.

si 3
P

2m

s
W0: 122 "2 N1 w1008 W 150 WO 122mm

Figure 12. Spatial disposition of elements on grains of LSC
sample, mechanically treated for 20 min.

Figure 13 shows DTA curves for ESC-4 recorded using
different heating rates. The plot in Fig. 14 shows three main
peaks (Ti, T2, and Ts) plus a broad endothermic peak
between 90 and 130 °C. The initial endothermic feature
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between 90 °C and 130 °C was attributed to physical water
evaporation and was not used in further calculations. The
initial peak for ESC-4 sample was recorded at T1 = 410.5 °C
at a heating rate of 10 °C per minute. Using faster heating
rates, the peaks shifted to higher temperatures: 412.7 °C for
20 °C/min and 420.3 °C for 30 °C/min. The shift was slight
for heating rates of 10 °C/min and 20 °C/min, amounting to
only about 2 °C. The T peak appeared at a higher tempera-
ture when recording was conducted at a 30 °C/min rate. The
initial peak (T1) corresponds to decomposition temperature
of Ca(OH), /55/. The second endothermic effect (T2) was
detected at 582.5 °C when the sample was heated at a rate
of 10 °C per minute. This effect, detected while recording
with faster heating rates, was set for higher temperatures,
i.e., 590.6 °C and 603.8 °C, respectively. The second endo-
thermic peak can be associated with a weight loss that takes
place between 400 °C and 600 °C. The peak T is attributed
to decomposition of boehmite (y-AIOOH) in aluminous
materials such as clay, fly ash, zeolite, and bentonite, /56/.
The third endothermic peak (T3) is found at 805.2 °C (at a
heating rate of 10 °C/min). The associated maxima (T3) for
20 and 30 °C/min heating rates were 846.8 °C and 873.4 °C,
respectively. This effect is associated with the decomposition
temperature of CaCO3 and for the provision of CaO for the
following solid phase reactions, i.e., it can be correlated with
decomposition of limestone and eggshell /55, 56/. The very
small effects from 950 °C onward are consistent with the
temperature for forming the liquid phase (normally from
1295 °C to 1306 °C). This is the stage when complex solid-
phase reaction processes are taking place, resulting in the
formation of CsS in the crystal phase of clinker, as well as
anhydrous calcium sulfoaluminate (C4AsS), dicalcium sili-
cate (CS), and brownmillerite (C4AF), /56/.

145

s ‘ 30 °C/min

I
E 0.5 10 °C/min
3
=]
=
S 0.0
jant

-0.5

VT,
-1.0 y T v T T T T T T
0 200 400 600 800 1000

Temperature (°C)
Figure 13. DTA curves of ESC-4 recorded using different heating rates.

Key temperature points of endothermic peaks in DTA
curves are provided in Table 1.

Activation energies for sintering of cement clinker mixes
are calculated using the Kissinger equations, Eqgs.(1-4). The
plots, i.e., linear regressions of In(8/T,?) versus I/(RTy) and
the obtained results are provided in Fig. 14 and Table 2,
respectively. Activation energies were found to depend on
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the surface area and reactivity of the powders as well as on
the type of raw materials included in the sintering.

Table 1. Key temperature points of peaks in DTA curves.

Temp. (°C) T1 T2 T3

Heat.rate 10 20 30 10 20 30 10 20 30
(°C/min)

Sample
ESC-1 410.2 415.7 420.1 580.5 585.6 607.9 800.3 805.4 810.7
ESC-2 415.2 420.6 423.8 597.2 581.4 599.5 813.7 820.4 827.3
ESC-3  407.3 409.5 418.7 570.5 579.7 588.3 802.6 812.5 826.7
ESC-4 410.5412.7 420.3 582.5 590.6 603.8 805.2 846.8 873.4
LSC  380.1 383.4 384.7 563.8 570.1 590.2 860.1 867.4 870.2
-9.0
1 =TT 4 I
-9.2—- 2
9.4
5] 4
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Figure 14. Activation energies for processes occurring at tempera-
tures T1, Tz, and T3 in ESC-4 sample.

Table 2. Activation energies for processes marked with T1, T2, and
T3 in ESC-4 sample.

Process T1 T2 T3
Sample Activation energy (kJ/mol)
ESC-1 118.14 135.87 175.35
ESC-2 119.20 133.25 173.96
ESC-3 121.30 139.15 183.75
ESC-4 117.25 132.51 170.39
LSC 189.24 205.95 229.36

Comparing T1, T2, and T3 processes for ESC and LSC
samples reveals that greater activation energies are required
for reactions that occurred in the LSC cement clinker.
Namely, eggshell powder is more prone to mechanical acti-
vation than limestone, so ESC mixtures had higher SSA than
limestone mixtures, which in turn increased powder reactiv-
ity and, as a result, accelerated the processes that occurred
in the ESC cement clinker system during sintering. If the
LSC mixture is considered the standard componential
mixture for OPC clinker production, it can be established
that ESC mixes have a higher sintering rate than OPC, and
sintering can be done at a lower temperature.

CONCLUSIONS

This study looks into the viability of using pulverized
eggshell waste instead of limestone to make Portland cement
clinker. Overall properties of the synthesized ESC and LSC
are evaluated using differential thermal analysis, scanning
electron microscopy, and energy dispersive spectroscopy.
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The findings of this investigation are summarized as follows:

- Eggshell shows potential as a limestone substitute due to
its limestone-like properties, as it is composed of at least
95 % calcium carbonate (CaCQ3). Mineral phases typical
of cement clinker (such as C3S, C2S, C3A, and C4AF) are
present both in ESC and LSC mixtures for cement clinker
after mechanical activation and sintering at 1300 °C.

- Throughout each stage of the mechanochemical activation,
the measured specific surface areas of every investigated
sample increased. After initial activation (10 minutes),
there was a significant rise in SSA, with samples ESC-1,
ESC-2, ESC-3, and ESC-4, showing increases of around
54-55 %. For all eggshell-based samples, there was a 14-
16 % change in SSA between 20 and 30 minutes, but only
a 20 % difference between 10 and 20 minutes. The LSC
sample behaved in a somewhat different way, i.e., after a
60 % initial increase in SSA, there was only 1-2 % vari-
ance in SSA during activation. Consequently, compared
to traditional limestone cement clinker blends, eggshell-
based mixtures activated more readily.

- Given the smaller mean particle size, and thus, higher
number of particle interactions, it is reasonable to predict
that clinker blends based on eggshells will be more reac-
tive. When ESC-1 and ESC-4 samples are compared, the
mixture containing fly ash (ESC-4) yielded the greatest
SSA values following varying mechano-activation times,
whereas the mixture containing zeolite (ESC-2) came in
second.

- According to scanning electron microscopy, most of the
grains in the ESC-2 mixture that was mechanically acti-
vated for 20 minutes are free, meaning they have not
merged into agglomerations. After 30 minutes of mechan-
ical activation, the observed mixture became agglomerated.

- Higher activation energies are needed for reactions that
took place in LSC cement clinker, according to a compar-
ison of endothermic processes for ESC and LSC samples.
In particular, ESC mixtures exhibited higher SSA than
limestone mixtures because of eggshell powder's greater
propensity for mechanical activation. This, in turn, in-
creased powder reactivity and accelerated the processes
that took place in the ESC cement clinker system during
sintering. If the LSC mixture is considered the standard
componential mixture for OPC clinker production, it is
apparent that ESC mixes have a higher sintering rate than
OPC and may be sintered at a lower temperature.

Use of eggshell as a replacement to limestone in cement
clinker production can have an environmental impact by
minimizing landfill waste and slowing the depletion of
primary resources. To make the use of eggshells in cement
easier, further research is needed on the industrial-scale
regarding synthesis of ESCs by partial replacement of lime-
stone, as well as features of ESC-based mortar and concrete.
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