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Abstract

There was a general agreement among nations to cut carbon dioxide emissions, and many have set goals to cut
emissions by 30% to 35% from 2020 levels by 2030. Only the cement and concrete industries release as much as 7
percent of the world's total CO, emissions into the atmosphere. The concrete as well as cement industries are fronting
concerns about the usage of limestone of cement, designing concrete mixes with an ideal constituents of cement, and
enhancing the durability of concrete to promote sustainability. Due to the many benefits of adding limestone to
cement, several nations are currently focusing on developing Portland-limestone cement (PLC). Doing so would
increase the total volume of cement while decreasing the quantity of clinker needed to generate a specific quantity
of cement. A cement plant can save a lot of money, fuel, energy, and natural resources if it can get the clinker factor
down. The most important chemical reaction in the process, alite formation, has been significantly improved as a
result of technological advancements over the course of the last century. This improvement has been achieved by
increasing the homogeneousness of the cement feed in addition to the clinker. By either depressing the reaction free
energy of the intermediate compound belite and thereby inhibiting its formation or by depressing the reaction free
energy of alite and thereby enhancing its formation, the thermodynamic processes provide a detailed account of this
evolution. It is possible to specifically target these processes by adding effective mineralizers, such as fluoride, in a
controlled manner. However, the presence of these mineralizers will always depend on the amounts of minor
components that are present in the fuels and raw materials utilized. The most important benefit is that it makes it
possible to incorporate additional cementitious materials into composite cements without compromising the
performance of the cement itself. Because of this, it is possible to produce more clinker while consuming less fuel.
This visual review summarizes the pros and cons of using limestone in cement, advancement of Portland cement
production as well as its clinker. The impact of limestone on cement's physiochemical characteristics and the role of
PLC research in promoting a green economy are briefly reviewed.
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MIHI-OI'JIAA TEXHOJIOTTYHUX ,Z[O(E}II‘HEHI) Y BUPOBHULTBI IOPTJIAHAUEMEHTY
TA UOT'O K/IIHKEPIB
CiBamaHi C, Peitan Abaynna ba A6ya, Xanima Xania Aw-llykaiini, A6ayn Paxman Anb-Mypasa,

CaikaTt banepmxi
Cekyis ximiuHOI iHdceHepi, iHxiceHepHull pakybmem, YHigepcumem mexHo102ill ma npukaadrux Hayk, Caaana, 211, OmaH

AHoTalif

Mix KpaiHaMu AOCATHYTA 3roja W00 CKOpOYeHHs BUKU/IB BYyIrJIEKHUCJIOro ra3y, i 6araTo 3 HUX NOCTaBUJIHU cO6i 3a
MeTy CKOPOTHUTH BUKHAM Ha 30-35% Bia piBHa 2020 poky g0 2030 poky. lleMeHTHa Ta 6eTOHHA MPOMMCJ/IOBICTh
BUKHUAAIOTH 0 7 % cBiToBUX BUKH/IB CO, B aTMocdepy. Yepes yncieHHi NepeBaru A0AaBaHHA BaHAKY A0 IleMeHTY
AesAKi KpaiHH 3apa3 3ocepe/ keHi Ha po3po6Li NOPT/IaHALEMEHTY 3 BamHAKOM. lle A03BoauI0 6 36GibIINTH
3araJibHUM 06GCAT LleMEeHTY, 3MeHIIMBIIM KiJIbKiCTh KJIiHKepy. LleMeHTHHNI 3aBOA MOXKe 3a0LaAUTH 6araTo rpoueii,
najiuBa, eHeprii Ta NpHMpPOAHUX pecypcCiB, AKIIO 3MOXKe 3HU3UTHU KoedinieHT kiiHkepy. HaiiBaxiuBima xiMiyHa
peakuisa B IlbOMy IpoLeci - YTBOpPeHHA aJiTy - GyJia 3HaYHO NOKpallleHa B pe3y/IbTaTi 3a paXyHOK MiJBHILEHHA
OJHOPiAHOCTI IeMeHTHOI IIMXTU Ha A0JAATOK [0 KaiHKepy. TepmoauHaMiyHi ponecu Aal0Th AeTajJdbHe YsBJAE€HHA
npo uei nponec. Yepes e MokHa LijiecnpsAMOBAaHO BIVIMBATH HA i MPOIleCH, KOHTPOJIbOBAHO JoJal4M edeKTHBHI
MiHepasizaTopy, Hanpukaaz, ¢Top. OJHAK NPUCYTHICTh IMX MiHepali3aTopiB 3aBKAH Gy e 3a/1eKaTH Bij KiJIbKOCTI
APYropsAAHUX KOMIIOHEHTIB, IKi NPUCYTHi y BUKOPUCTOBYBaHOMY NaJ/IMBi Ta cupoBHHi. HaliBaxx/MBila nepesara B
TOMY, IO Iie J03BOJIsIE BKJIKYATH AOJATKOBi IleMeHTYH4i MaTepia/d B KOMIO3UTHI LleMEeHTH 6e3 WKOAU AJIA
XapaKTepPUCTHMK CaMOro IeMeHTy. 3aBAAKH IbOMy MOKHa BHUPOGJATH Ginbllle KJAiHKepy, CHOXKHMBal4d MeHIe
najuBa. JlaHui orJis/ niiCyMoBY€ NUIIOCH | MiHYyCH BUKOPHMCTAHHS BallHAKY B LleMeHTi, BJ0CKOHa/IeHHsA BUPDOGHULTBA
NOpTJaHALEMEHTY, a TaK0oX #Horo kiIiHkepy. KopoTKo po3rjisiHyTo BIUVIMB BanHAKY Ha ¢i3uko-ximMiuHi
XapaKTepUCTHKH LleMEeHTY Ta poJib JocaifxkeHb PLC y npocyBaHHi 3e/1eHOI eKOHOMIKM.

Kaiouogi ca06a: ieMeHT; IOPT/IaHALIEMEHT; IIyMOBe 3a6py/JHeHHS; 3a6py/JHEeHH NOBITPS; 3a0pyAHEHHS BOAY; KIIHKep.
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Introduction

Over the centuries following its 19th-century
invention, Portland cement has undergone
numerous improvements. In 1824, Joseph Aspdin
of England was the first to create Portland cement.
The name "Portland" came from the fact that it
looked like the fine stone used for construction in
Portland, England [1]. In the late 19th century,
standards for Portland cement emerged to ensure
the consistent production of varying grades and
compositions by various companies. As a result,
the use of reliable construction methods increased
significantly. Chemical analysis and our
knowledge of how cement hydrates both
advanced throughout the twentieth century,
leading to better Portland cement and better
performance [2]. This resulted in the creation of
various varieties of Portland cement, each tailored
to a particular set of needs—Type I, Type I, Type
I11, etc. Fly ash, slag, limestone, and silica fume are
common additives in modern Portland cement. In
addition to lowering concrete's environmental
impact, these additives can increase the material's
strength, durability, and workability [3]. Portland
cement production has been the subject of recent
innovations aimed at decreasing its carbon
footprint

New low-CO, cement options, like geopolymer
and calcium sulfoaluminate cements, as well as
carbon capture and storage (CCS) technology, are
examples of recent innovations [4]. Digital
technologies are optimizing modern cement
manufacturing processes, increasing energy
efficiency, and maintaining quality. With an annual
production surpassing 4 billion metric tons,
Portland cement is by far the most utilized
construction material on a global scale. To achieve
sustainable development and satisfy the demands
of future infrastructure, continuous improvement
is essential. Since its creation nearly two centuries

ago, Portland cement has experienced
considerable improvements in composition,
production methods, environmental
sustainability, and digital integration. These

advancements constantly lead to the development
of new building materials and methods [5; 6].

Table 1
Constituents of Clinker

Constituents Percent present in
cement
Ca0 62
Sio2 22
Al203 7.5
Fe203 2.5
MgO 2.5
S03 1.5

The primary sources of greenhouse gases
(GHQG) released during the clinkerization process
are the calcination of limestone, which accounts
for approximately sixty percent of carbon dioxide,
and the combustion of fuels, which accounts for
approximately forty percent [7]. The cement
industry employs the dry process almost
universally. The primary objectives of the cement
industry are to achieve energy efficiency, reduce
the clinker factor, and reduce the carbon dioxide
footprint. In an effort to find a solution to this
problem, the cement industry is currently
manufacturing Portland Slag Cement (PSC),
Portland Pozzolana cement (PPC), composite
cement, in addition to various blended cements
[8]. There was an increase in fly ash and slag
utilization, which went from 27 % to 40 % in 2010
and, respectively, to 57 % in 2017. Using blended
cements has many advantages, such as lowering
greenhouse gas emissions, preserving natural
resources, and recycling industrial waste. The
three main ingredients in composite cement are
portland cement, fly ash, and slag [9].

Table 2
Constituents of Portland Cement Data adopted from [12]
Constituents Formula Percentage
Bi calcium Silicate, alite Ca2Si04 or 2Ca0.Si02 25
Tri calcium Silicate, alite CasSiOs or 3Ca0.Si02 50
Tetracalcium aluminoferrite, ferrite CasAl2Fe2010 or 4Ca0.Al203.Fe203 10
Tricalcium aluminate aluminate CazAl206 or 3Ca0.Al203 10
Gypsum CaS04.2H20 5

The availability of cement-grade limestone is a
significant factor in the cement production
process. This is due to the fact that this type of
limestone is one of the chief constituents that are
used to make cement. On average, approximately
1.5 metric tons of limestone are required for every

ton of cement that is produced during the
production process. Many countries are producing
and consuming in a large scale. As an example,
India is the second-largest cement-producing
country in terms of consumption and production,
with a production of 337.32 million metric tons in
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2018-19 and an expected demand of 550-600
metric tons by 2025. This demand is expected to
be driven by demand in residential, commercial,
and industrial construction. As a result, limestone
is becoming increasingly scarce due to excessive
consumption [10].

At this point in time, it is necessary to create a
new clinker as well as cement system design. For
example, LC3, reactive belite, geopolymer,
Portland Composite Cement, blended cement with
a variety of different types of waste (municipal
and industrial), in addition to Portland Limestone
Cement are all examples of cement systems that
incorporate new ingredients [11]. In many cement
industry, the manufacture of Portland Composite
Cement is portrayed as a cost-effective and
environmentally welcoming solution. This is due

Wl

to the fact that the incorporation of limestone
results in a reduction in the manufacture of clinker
for a comparable quantity of cement, which in turn
results in a reduction in the generation of
greenhouse gases [12]. As a result, cement
companies are looking into new and improved
ways to meet the need for lower emissions. In
order to create Portland Limestone Cement (PLC)
and lower the clinker content, cement
manufacturers are incorporating inter-grinding of
limestone, slag, or fly ash into the cement clinker
grinding process. When it comes to PLC, European
countries have been on top for the past half
century. Cement development, on the other hand,
began in Germany in 1965; it took over fifty years
to get to the point where cement production could
use 5 % limestone [13].

B MDA - 6.54%

B U5-2.09%

VIETMUM - 1.89%
TURKEY - 1.87%
MDOMNASIA - 1.6%
30UDI ARABIA - 1.53%
S0UTH KOREA - 1.45%
EGYPT - 1.4%
RUSSIA - 1.4%

IFAN - 1.36%

BRAZIL - 1.31%

JAPAN - 1.28%

Fig. 1. Worldwide cement production. Data adopted from [12]

Because cement clinker is a mixture of
substances that have very similar properties and
because it is extremely fine-grained, it is difficult
to make quantitative determinations of the optical
characteristics of the constituents that make up
cement clinker [10]. However, by studying each
potential constituent of the clinker separately and
determining the specific properties that
characterize and differentiate it from other
possible constituents, one can overcome this
difficulty. Some of the important things that have
been done include studying how trace elements
affect the formation of alite, how volatiles affect
the thermodynamics of clinker production and the
smooth running of the kiln, how stable low-

temperature mineral assemblages are that come
from Klein's phase, and a lot more [12; 13].

American and European countries are
producing PLC due to its beneficial effects on
energy considerations and enhanced cement
properties. India is still in the early stages of PLC
development, so this review concentrates on the
benefits of transitioning from OPC to PLC, along
with the challenges faced thus far and possible
solutions [11].

Development of Portland cement

Characteristics of limestone

Minerals that are calcic in nature are the
primary constituents of limestones, which are
classified as calcareous rocks. There are also
detectable amounts of alumina, iron, and alkaline
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oxides in the sample. Typically, these stones are
composed of sedimentary rocks that are
calcareous and have a medium to coarse grain
size. They are extremely hard, compact, and
impervious to water and other substances [14].
There is a significant relationship between the
specific surface area of the powdered limestone
and the characteristics of the concrete product.
Mixing limestone and clinker is an integral part of
the cement manufacturing process. Compared to
clinker, which is an artificial rock mixture
consisting of phases such as alite, belite, celite,
ferrite, periclase, free lime, and liquid content,
limestone, which is a sedimentary rock composed
of various forms of CaCO3, is a more pliable
substance [15]. Calcite and dolomite are two of the
minerals that are typically found in limestone.
Calcite has a Mohs hardness of three, while
dolomite has a Mohs hardness that ranges from
three and a half to four. Therefore, the amount of
energy required to grind limestone to achieve the
same Blaine fineness is lower than that required
to grind other materials [16].

According to Sun et al., the Blaine value can
reach 530 m2/kg and the concrete porosity can
reach 14.6 % when the percentage of limestone in
the concrete increases to 35 % [17]. When the
concentration of limestone increases, the particle
size distributions become more fine-grained and
dispersed among the particles. Through the
process of grinding clinker and limestone
together, a wide variety of particle sizes are
produced. Through this process, the structure of
the hardened cement paste is made denser by
filling the spaces between the clinker particles,
which in turn reduces the amount of water that is
required [18; 19]. In his article, Roy argues that
the filler effect and the fineness of the limestone
particles both contribute to the acceleration of the
cement hydration process [20]. The incorporation
of filler results in an increase in the density of the
mixture, which in turn allows the mixture to
acquire its strength [21; 22]. In comparison, the
specific thermal energy consumption for clinker is
between 850 and 860 kcal per kilogramme, while
the average electrical energy consumption for
cement is between 100 and 110 kWh per tonne
[23].

limestone's effects on cement’s properties

Hydration of cement in the presence of
limestone postpones the transformation of
ettringite (AFt) to monosulfate (AFm), resulting in
the preferred formation of calcium aluminate
monocarbonate rather than AFm [24]. At an early
age, rapid alite hydration causes a decrease in

porosity and an increase in total hydrate phase
volume. The water demand is high for particles
with narrow size distributions and low for those
with wide distributions, says Detwiler [25]. Using
limestone, which is soft and has a wide particle
size distribution, reduces the water demand. It fills
the voids between the clinker particles [26].
Researchers also found that adding finely ground
limestone to mass concrete reduces bleeding [26].
The clinker and limestone fineness have a direct
correlation with the PLC's setting behaviour [27].
According to reports, cements with less than 5 %
limestone had a longer setting time, while cements
with more than 5% limestone had a shorter
setting time [28]. Limestone has a catalytic effect
on alite hydration (C3S), which releases a lot of
heat. Jin used isothermal conduction calorimetry
to prove that adding more limestone lowered the
hydration rate and total heat released due to
hydration [29]. According to Thorne et. al, the
incorporation of 25% limestone into cement
paste has a significant influence on the size of
calcium hydroxide deposits as well as their
distribution [30]. An increase in the hydration of
alite was found to be facilitated by the addition of
limestone at concentrations of either 5 % or 25 %.
This was accomplished by promoting the
development of calcium-silicate-hydrate (CSH)
rims around the alite grains [31; 32].

The effect of limestone on the mechanical
properties of concrete.

Fine grinding would increase the reactivity of
Portland cement clinker. At first, the packing effect
that limestone provides boosts strength. A 35%
increase in limestone addition to PLC would
reduce strength; however, this can be remedied by
grinding the material more finely [33]. The
permeability of the porous material determines
how long it will last [34]. The nucleation effect of
limestone particles improves the pore structure of
cement in PLC. As a result, the permeability and
porosity of PLC are even higher than those of
Portland cement [35]. The dilution effect of the
clinker and the filling property of the limestone
affect, and even increase, the overall volume and
size distribution of the pores in the concrete [36].
Corrosion is the second critical component.
Scientists have shown that PLC-made specimens
corrode less quickly than Portland cement-made
specimens [37]. Clunkers made with only Portland
cement are more susceptible to frost damage than
PLC [38]. Cement containing 5% limestone
powder performed better than cement without
limestone in chloride resistance tests [39]. It was
also discovered that the likelihood of harmful
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expansions caused by the alkali silica reaction is
not increased by using PLC [37].

The Thaumasite Sulfate Attack (TSA), a mineral
consisting of calcium silicate, sulfate, and
carbonate (CaSiO3;'CaCOs. CaSO415H20), can
deteriorate concrete in the presence of ground or
sea water, particularly at temperatures below 5 °C
[40]. This gradual reaction causes the concrete to
completely dissolve, resulting in a pulpy, white,
and soft mass. According to multiple studies, when
PLC (<5% limestone) is used, there is no
noticeable negative impact on concrete
performance in TSA [36; 38; 40]. However, results
vary when using more than 35 % limestone in a
PLC. Specimens made with PLC showed less
corrosion than those made with Portland cement,
according to Bui et al. [37]. Because the
carbonation depth of the samples is tiny in PLC-
made concrete, they found that it exhibited very
little corrosion [41].

Historical developments in clinker

chemistry
Portland cement clinker contains five
compounds: Ca0, 3Ca0.Si0;, and 3Ca0.SiO,.

5Ca0.3A1;03. Each of these has wundergone
extensive research, which we will now consider.

In the middle of the eighteenth century, the
Portland cement industry began making hydraulic
type of lime at the final stage from argillaceous
type of limestone [42]. The primary ingredient of
contemporary Portland cement, C3S, was rarely, if
ever, present in products marketed as such by the
middle of the nineteenth century [43]. This was
due to the fact that the maximum temperatures
reached in batch bottle kilns were lower than C3S's
thermodynamic stability limit. Throughout the
second half of the nineteenth century, high
temperatures were consistently reached,
resulting in a product that, despite its somewhat
unpredictable chemical composition, bore a
striking mineral resemblance to modern Portland
cement clinker [44]. A more homogeneous
product and a dramatic increase in production
capacity resulted from the introduction of the
rotary kiln type throughout the twentieth century
[45]. Over the past century or two, rotary Kkiln
technology advancements have substantially
enhanced fuel efficiency, production capacity,
clinker uniformity, and performance [46].

A better knowledge of clinker chemistry has
accompanied and aided the advancements in
production technology. The first half of the
twentieth century established thermodynamics
and equilibrium phase relationships, and recent
studies have focused on the kinetics of clinkering

reactions, the impact of minor components like
clinker volatiles, mineralisers, and fluxes. Clinker
homogeneity has improved, which is arguably the
most notable outcome of industrial expertise and
advancements of quality control [47; 48]. Due to
the fact that the kiln feed, which was comprised of
dehydrated clumps (or bricks) of slurry that were
interlayered with the support of fuel coke, was
extremely diverse, the clinkers that were
produced in batch kilns during the nineteenth
century were an equally diverse product [49]. This
was made possible by the advent of XRF [50]. In
recent years, the implementation of continuous
analysis methods that are conducted online has
made it possible to further reduce the variability
of the raw mix and to make use of a wider variety
of alternative raw materials and fuels [51; 52].
Both the degree of diversity of cement plants and
the homogeneity of cement (clinker) composition
in all of them have increased over the last few
years [53].

Clinker chemistry: trends
development

As mentioned above, the progress in clinker
production over the years has led to increased
production, reduced fuel consumption and
reduced emissions (including dust, sulfur dioxide,
nitrogen oxides, carbon dioxide, and so on) [54].
In addition, we observed that the compositions of
raw materials and clinker became much more
homogeneous, resulting in improved cement
consistency and superior cement quality [55].
Most cement manufacturers have concluded thata
clinker consisting of 58-64 % CsS and about 22%
C3A and C4AF is the most effective combination to
achieve good overall performance [56]. Although
there are a few remarkable exemptions, such as
small alkali substances for little alkali cements and
little C3A for sulfate resistance, the majority of
cement manufacturers do not target clinkers for
specific applications [57; 58]. Instead,
supplementary cementitious materials (SCMs) are
mainly used to achieve the desired cement
properties for specific applications. Most recent
technological advancements in clinker
production, instead of focusing on improving
clinker chemistry, aim to increase kiln efficiency to
reduce specific CO; emissions and other pollutants
like heavy metals and NOx [59]. Systems that
make the most of alternative fuels, such as
biomass, have also been improved [60]. Grey laid
the groundwork by demonstrating that this
method can produce clinker with comparable
cement performance [61]. It goes without saying
that it is essential to take into consideration the

and future
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extent to which modified processes and fuels
introduce minute components that have an effect
on the chemistry of clinker and the performance of
cement [58]. Meat and bone meal, which is rich in
phosphorus, and fuels derived from refuse, which
are rich in chlorides, are the two types of biofuels
that are currently being used the most, at least in
Europe [54]. On account of the fact that
phosphorus does not demonstrate a strong
preference for one silicate phase over the other, its
influence on thermodynamics is relatively minor.
Through the process of replacing silicon in both
alite and belite, it does, however, result in an
increase in the modal content of belite.
Additionally, the clinker contains phosphorus at a
level of approximately 1 %. Contrary to what most
people believe, thermodynamic stabilization of
belite is not achieved, and any increase in the
amount of belite present can easily be countered
by increasing the amount of calcium present in the
clinker [54; 36].

However, chloride does favor alite, and end-
member phases like alinite only emerge at very
high concentrations [62]. Similar to the action of
fluorine, this reduces the free energy of alite,
which improves the clinker burn ability or, to put
it another way, allows a higher alite content to be
achieved at the same clinkering temperature.
Obviously, the embedded steel reinforcement
poses a corrosion risk and precludes its usage in
general-purpose clinkers [52]. However, this
could offer a way to create a low-energy clinker
specifically for non-reinforced concrete. This
would also enable the use of fuels rich in chloride
more frequently, such as fuels derived from refuse,
which typically contain around 50% biomass but
have limited use due to their chloride content [62].

Environmental impact and modification of
cement production

Resolution of Air pollution

The process of making cement releases a
significant amount of dust into the air. Several
processes, such as transportation, loading, and
unloading of clinker from the silo, trigger this
phenomenon [54]. Among the many greenhouse
gases that contribute to the warming of the planet,
carbon dioxide (COz) ranks highly. The formation
of Ca0O in cement production releases CO, and
water vapor at very high temperatures. It uses
between five and seven percent of the world's
energy, which results in five to seven percent of
CO; emissions; carbon dioxide makes up sixty-five
percent of all greenhouse gases [55].

The IPCC's Fifth Assessment Report found that
the manufacturing of materials accounts for the

majority of industrial COE emissions. Of all CO,
emissions, 84 % come from just three industries:
transportation, power generation and
distribution, and manufacturing. = Cement
production accounts for 12% to 15% of all
industrial energy consumption, depending on the
method and resources used [56]. Furthermore,
research reveals that cement manufacturing
accounts for 5-8 % of the CO; emissions. In 2011,
cement production around the world produced
4.1 metric tons of CO,. Such massive CO, emissions
could thus render anthropogenic climate change
inevitable [57]. Furthermore, the cement
manufacturing process, from extraction to packing
and loading, releases particulate matter, including
PM10 and PM2. 5. The cement industry also
released 136 metric tons of nitrogen oxides,
4,833 metric tons of sulfur dioxide, 183 metric
tons of volatile organic compounds (VOCs),
including harmful dioxins, furans, and PCBs, and
320 kilograms of mercury in 2020 [58].
Conversely, every tonne of Portland cement
clinker releases 1.5 to 10 kg of nitrogen oxides into
the atmosphere, resulting in approximately one
tonne of greenhouse gas per tonne of Portland
cement [59]. Burning fossil fuels, nitric acid, and
biomass produces Nitrous oxide (NOx), a potent
greenhouse gas. Furthermore, the emission of
dust and other polluting gases diminishes the air
quality, thereby impacting the healthy lifestyles of
people worldwide [60]. Workers, for example, are
more likely to suffer from chronic obstructive
pulmonary disease (COPD) and other respiratory
issues due to the integration of PMs of varying
sizes [61].

Research on PM's impact on the respiratory
system has shown that, because of their slightly
smaller size, PM10 and smaller particles are able
to penetrate the respiratory tract [62]. As the
average age of construction workers continues to
rise, it becomes more clear that those with known
cardiopulmonary conditions and the elderly are
among the most vulnerable populations when it
comes to exposure to PM2.5. As a result of long-
term exposure to PM, approximately 4,000 people
die prematurely in Beijing each year, with lung
cancer accounting for 20 % of those cases [55].
Additionally, volatile organic compounds (VOCs)
can pollute soil and groundwater, and they are
also precursors to ozone formation. Research has
shown that volatile organic compounds (VOCs)
can stunt the growth of large-leaved plants as well
as cause chlorosis and necrosis. Respiratory and
eye irritation, fever, nausea, kidney, liver, and
central nervous system injuries are all possible
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side effects of volatile organic compounds (VOCs)
[61].

Since it became apparent that the cement
industry was having a detrimental impact on both
the environment and people, there has been a
consistent concerted effort to reduce the amount
of pollution that is produced by industrial
processes. According to Stajanca, dust emission
pathways can be reduced by repeatedly spraying
soil stabilization materials (such as water or oil).
Additionally, dust emissions can be reduced by
carefully maintaining baghouse filters. Another
benefit of ESPs that are well-designed and
operated is that they reduce the amount of dust
emissions [62].

Water and noise pollution

Dust pollution, which can lower visibility and
air quality, is another by-product of the cement
manufacturing process. The CDC explicitly states
that drained dust can contaminate water,
potentially harming human or animal health [63].
Wastewater runoff, when released into the
atmosphere, pollutes rivers and groundwater
sources. Human activities, such as population
growth, building, and urbanization, contribute to
soil degradation in certain regions. Poor land
management is one of the causes of soil erosion,
which puts the soil at risk and causes water to run
off the landscape rather than infiltrate properly. In
addition, the majority of the noise emissions are
caused by the process of manufacturing cement.
Heavy machinery, the burning of clinker, the
storage of materials, and the preparation of raw
materials were all factors that contributed to noise
pollution [64]. In noise processing, industrial
noise is divided into three main categories:
complex gas noise, electromagnetic noise, and
mechanical noise. These three categories are at
the core of the noise classification system. The
primary sources of noise in cement plants are the
following: gas-dynamic noise, which is caused by
the activity of blowers; mechanical noise from
milling machines and crushers; and
electromagnetic noise from electric engines [65].
Human hearing is not the only organ that is
negatively affected by noise pollution; the nervous
system, digestive system, and cardiovascular
system are also profoundly affected.

Memory loss, hypertension, insomnia, vertigo,
headache, and exhaustion are symptoms of
neurasthenia syndrome, which is more common
in people who work in environments with high
levels of noise, such as cement plants. The general
public now believes that exposure to loud noises
from vehicles and factories increases the

likelihood of cardiovascular disease. In addition,
the noise pollution that the cement plant
employees face during their workday makes it
difficult for them to detect any potential danger
signals, which in turn affects their safety. Figure 1
provides a high-level overview of the effects on
cement production [65].

Technologies that attenuate, absorb, and
insulate noise are some of the most effective ways
to improve noise control efficiency. Technical,
administrative, and receiver-specific noise
management are all potential avenues for
reducing background noise. Rotating employees
from noisy to quieter areas is a good
administrative practice that could reduce their
exposure to noise. In addition, the receiver's noise
reduction features guarantee that the obtained
noise level is lower than what it would be with the
staff wearing earplugs and earmuffs. Earplugs can
reduce noise by approximately 30 dBA, while
earmuffs can lower it by around 40 dBA to 50 dBA
[66]. This means the operator's noise sensitivity is
about right. Meanwhile, the Standard Operating
Procedure (SOP) in the factory was an integral
part of the ear protection devices offered by the
company [65].

Beyond that, oily wastewater has significantly
impacted the condition of the water system. The
use of various super hydrophobic materials for oil-
water separation has been an approach to this
problem. Electrostatic assembly, condensation
response, anodization, hydrothermal treatment,
printing, vapor deposition, assembly, spray
process, aerogel, etching, and plasma-induced
strategy are some of the different ways that super
hydrophobic materials have been made so far
[67]. It should be emphasized that there needs to
be a greater push to make the desired products in
an easy, cheap, and environmentally conscious
way [68].

To reduce the need for non-renewable
resource consumption in energy generation, the
cement manufacturing sector can make use of
recycled materials such as rubber, sludge, waste
oil, and waste fuel as renewable fuel [69].
Researchers are exploring the potential of using
waste material as a partial cement replacement in
concrete, and exploring methods to enhance the
eco-friendliness of cement plant operations [70].
Interest in more conservative and cost-effective
concrete materials has increased due to growing
concerns about the environmental damage caused
by the cement industry, as pointed out by
Chowdhury et al [71]. In an effort to lessen
reliance on limestone, research into potential
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alternatives to cement, such as waste materials
like oyster, cockle, and eggshells, has begun [72].
The pozzolanicity of industrial by-products like
fly ash, slag, palm oil fuel ash, rice husk ash, and
waste ceramic powder has led to their use as an
additional cementitious material [73].
Geopolymer concrete, a more eco-friendly
alternative to traditional concrete, has recently
gained popularity due to its ability to increase
strength more quickly and its lack of cement use
[69;72]. With a 5-15% Portland cement
substitute, geopolymer concrete can reach early
strength without the use of external heat, resulting
in 20 % less CO; pollution compared to OPC [73-
76]. Furthermore, this concrete can be made by
combining various waste materials, such as fly
ash, slag cement, and silica, which helps to create
an even greener environment [77]. One can
recommend the construction industry to use
modern free cement concrete, such as geopolymer
concrete or concrete with a lower cement content,
and add industrial waste as an additional
cementitious material to preserve the natural
environment for future generations [78; 79].

Conclusion

Since the 1960s, limestone cements have found
widespread use across the globe. The Indian
cement industry is highly interested in PLC
development for a number of reasons, including
the possibility of improved concrete performance
and environmental sustainability. Among the
many advantages of PLC are the following: (a)
lessening the clinker factor of cement, which in
turn lowers emissions of greenhouse gases; (b)
making the cement more workable; and (d)
requiring less energy to produce the cement.
Adding limestone to Portland limestone cement
makes it easier to grind, reduces the amount of
water needed, increases strength, and reduces
bleeding in concrete. The reactive properties of
limestone allow it to serve as a heat-reduction
agent and a nucleation site for clinker hydration
products. Particle size distribution, grinding
method (intergrinding vs. separate grinding), and
limestone quality all have an impact on PLC
performance. The cement industry hopes to
reduce greenhouse gas emissions by adopting the
PLC development process, an energy-efficient
technology. This is because the cement

References
[1] Huntzinger, D. N., Eatmon, T. D. (2009). A life-cycle
assessment of Portland cement manufacturing:
comparing the traditional process with alternative
technologies. Journal of cleaner production, 17(7), 668-
675.https://doi.org/10.1016/j.jclepro.2008.04.007

manufacturing process uses less clinker, electrical,
and thermal energy, which in turn minimizes COx.

Because of advancements in manufacturing
technology and clinker homogeneity, there have
been significant improvements in production
output, fuel consumption, and product
performance. These improvements have been
brought about by the homogeneity of the clinker.
Due to this advancement, the formation of alite,
also known as C3S, has been significantly
improved. Components that are preferentially
incorporated in alite, such as fluorine, magnesium,
zinc, copper, and so on, have the ability to either
promote the mineralization of alite or limit the
mineralization of belite, which would allow for
further advancements in this direction. Within the
context of circumstances in which higher
strengths are not required, this can be utilized to
reduce the amount of clinker that is present in
composite cements while preserving the same
level of strength. In response to calls to reduce CO;
emissions by lowering clinker contents without
affecting the performance of cement and concrete,
it is likely that new clinkers are being produced
and that a greater emphasis is being placed on
clinkers with a high concentration of carbon with
sulphur (CsS).

Conflict of interest
Authors declare no conflict of interest.

Data availability

The authors confirm that the data supporting
the findings of this study are available within the
article.

Funding

Authors acknowledges the financial support by
the University of Technology and Applied
Sciences, Salalah.

Acknowledgement

Authors acknowledge the financial support by
the University of Technology and Applied
Sciences, Salalah. The author appreciatively
expresses infinite thanks to each individual whose
involvement, through scientific data, fundamental
findings with broad array of critical principles and
suppositions, was of colossal help in adding
consistency to this paper. Special thanks to the
anonymous reviewers for their instructive
comments and suggestions.

[2] Ulusu, H., Aruntas, H.Y., Gencel, O. (2016) Investigation
on characteristics of blended cements containing
pumice, Constr. Build  Mater. 118, 11-19.
https://doi.org/10.1016/j.conbuildmat.2016.05.030



https://doi.org/10.1016/j.jclepro.2008.04.007
https://doi.org/10.1016/j.conbuildmat.2016.05.030

1060

Journal of Chemistry and Technologies, 2024, 32(4), 1052-1062

(3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Imbabi, M.S., Carrigan, C., McKenna, S. (2012). Trends
and developments in green cement and concrete
technology, Int. J. Sustain. Built Environ. 1(2), 194-216.
Bamigboye, G.0., Olukanni, D.O., Adedeji, AA,
Ojewumi, M.O., Jolayemi, K.J. (2018). Experimental and
modelling of flexural strength produced from granite-
gravel combination in self-compacting concrete, Int. J.
Civ. Eng. Technol. 9(7) 437-447.

He, Z., Shen, A, Guo, Y., Lyu, Z, Li, D,, Qin, X,, Wang, Z.
(2019). Cement-based materials modified with
superabsorbent polymers: A review, Constr, Build.
Mater. 225, 569-590.
https://doi.org/10.1016/j.conbuildmat.2019.07.139
Farahani, J.N., Shafigh, P., Alsubari, B., Shahnazar, S,
Mahmud, H.B. (2017) Engineering properties of
lightweight aggregate concrete containing binary and
ternary blended cement, J. Clean. Prod., 149, 976-988.
Zhao, Y., Yu, M,, Xiang, Y., Kong, F, Li, L. (2020), A
sustainability comparison between green concretes and
traditional concrete using an emergy ternary diagram, J.
Clean. Prod. 256.
https://doi.org/10.1016/j.jclepro.2020.120421ater. 15
331-340 120421.

Soltanzadeh, F., Emam-Jomeh, M., Edalat-Behbahani, A.,
Soltan-Zadeh, Z. (2018). Development and
characterization of blended cements containing
seashell powder, Constr. Build. Mater. 161, 292-304.
Gonzalez-Corominas, A. Etxeberria, M., Poon, C.S.
(2016). Influence of the quality of recycled aggregates
on the mechanical and durability properties of high
performance concrete, . Waste Biomass Valoriz, 8(5)
1421-1432.

Sungwun, H., Taehoon, P., Zalnezhad, E., Bae, S. (2020).
Synthesis and characterization of cement clinker using
recycled pulverized oyster and scallop shell as
limestone substitutes, J. Clean. Prod. 278, 123987.
https://doi.org/10.1016/j.jclepro.2020.123987

Azmi, M., Johari, M. (2013). Cockle shell ash replacement
for cement and filler in concrete, Cockle Shell Ash
Replacement for Cement and Filler in Concrete, 25(2)
201-211.

Naqi, A, Jang, ]. (2019). Recent progress in green cement
technology utilizing low-carbon emission fuels and raw
materials: A review. Sustainability, 11, 537.
https://doi.org/10.3390/su11020537

Sharma, S., Arora, S. (2018) Economical graphene
reinforced fly ash cement composite made with
recycled aggregates for improved sulphate resistance
and mechanical performance. Construction and Building
Materials, 162, 608-612.

Thorne, ], Bompa, D. V., Funari, M. F, Garcia-
Troncoso, N. (2024). Environmental impact evaluation
of low-carbon concrete incorporating fly ash and
limestone. Cleaner Materials, 12, 100242.
https://doi.org/10.1016/j.clema.2024.100242

Boakye, K., Khorami, M. Saidani, M. Ganjian, E.
Tyrer, M., Dunster, A. (2023). Performance of a Single
Source of Low-Grade Clay in a Limestone Calcined Clay
Cement Mortar. Buildings 2024, 14, 93.
https://doi.org/10.3390/buildings14010093

Jin, H., Zheng, C,, Liy, ]., Zhu, ]., Liu, W,, Xing, F,, Tang, L.
(2024). Effects of limestone calcined clay, fly ash and
seawater on early hydrating behavior, mechanical
properties, microscopic performance and sustainability
of eco-friendly cement-based pastes. Journal of Thermal
Analysis  and  Calorimetry, 149(5), 2087-2107.
https://doi.org/10.1007/s10973-023-12823-9

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

Sun, ], Zunino, F., Scrivener, K. (2024). Hydration and
phase assemblage of limestone calcined clay cements
(LC3) with clinker content below 50 %.Cement and
Concrete Research,177,107417.

Yanze, G. A. N,, Nana, A, Tiffo, E., Elie, K, Chinje, F. U.
(2024). The Role of Limestone Composition on the
Formation of Ye’elimite Clinker: Hydration and Physical
Properties. Chemistry Africa, 1-13.

Weiksnar, K. D., Marks, E. ], Deaderick, M. ., Meija-
Ruiz, I, Ferraro, C. C.,, Townsend, T. G. (2024). Impacts
of advanced metals recovery on municipal solid waste
incineration bottom ash: aggregate characteristics and
performance in  portland limestone cement
concrete. Waste Management, 187, 70-78.
https://doi.org/10.1016/j.wasman.2024.07.008

Roy, R, Hertel, T., Pontikes, Y. (2022). Formulation of
Bogue Equations from Thermodynamic Modelling for
Low-Carbon Dioxide Ferrite-Belite Clinkers. Materials
Proceedings, 5(1), 124.

Barbhuiya, S., Nepal, ]., Das, B. B. (2023). Properties,
compatibility, environmental benefits and future
directions of limestone calcined clay cement (LC3)
concrete: A review. Journal of Building Engineering,
107794.

Mohit, M. Haftbaradaran, H. Riahi, H. T. (2023).
Investigating the ternary cement containing Portland
cement, ceramic waste powder, and limestone.
Construction and Building Materials, 369, 130596.
Kafodya, I, Basuroy, D., Marangu, ]. M., Kululanga, G.,
Maddalena, R., & Novelli, V. I. (2023). Mechanical
performance and physico-chemical properties of
limestone calcined clay cement (LC3) in
Malawi. Buildings, 13(3), 740.
https://doi.org/10.3390/buildings13030740

Chen, M,, He, Y., Li, L., Zhang, X. (2023). Effect of High
Content Limestone Powder on Microstructure and
Mechanical Properties of Cement-based
Materials. Journal of Wuhan University of Technology-
Mater. Sci. Ed., 38(3), 557-566.

Chan, C. L., Zhang, M. (2023). Effect of limestone on
engineering properties of alkali-activated concrete: A
review. Construction and Building Materials, 362,
129709.

Hamdadou, M. N. E., Bignonnet, F., Deboucha, W.,,
Ranaivomanana, H., Leklou, N, Arroudj, K. (2023).
Hydration, mechanical and transfer properties of
blended cement pastes and mortars prepared with
recycled powder or limestone filler. Journal of Building
Engineering, 78, 107541.
https://doi.org/10.1016/j.jobe.2023.107541

Bui, D. C,, Nakarai, K., Nishikawa, H. (2021). Effects of
early-age thermal microcracking on material properties
and structural performance of limestone aggregate
concrete. Cement and Concrete  Composites, 124,
104267.

Gao, X. (2024). Study on the Effect of Ultra-fine
Limestone Powder on the Resistance of Cement-slag
Powder System to Chloride lon Permeability. In Journal
of Physics: Conference Series, 2706(1),012060.

Jin, H,, Zheng, C,, Liy, J., Zhy, J., Liu, W,, Xing, F., Tang, L.
(2024). Effects of limestone calcined clay, fly ash and
seawater on early hydrating behavior, mechanical
properties, microscopic performance and sustainability
of eco-friendly cement-based pastes. Journal of Thermal
Analysis and Calorimetry, 149(5), 2087-2107.

Thorne, J., Bompa, D. V., Funari, M. F., Garcia-
Troncoso, N. (2024). Environmental impact evaluation



https://doi.org/10.1016/j.conbuildmat.2019.07.139
https://doi.org/10.1016/j.jclepro.2020.123987
https://doi.org/10.3390/su11020537
https://doi.org/10.1016/j.clema.2024.100242
https://doi.org/10.3390/buildings14010093
https://doi.org/10.1007/s10973-023-12823-9
https://doi.org/10.1016/j.wasman.2024.07.008
https://doi.org/10.3390/buildings13030740
https://doi.org/10.1016/j.jobe.2023.107541

1061

Journal of Chemistry and Technologies, 2024, 32(4), 1052-1062

[31]

(32]

(33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

of low-carbon concrete incorporating fly ash and
limestone. Cleaner Materials, 12, 100242.
https://doi.org/10.1016/j.clema.2024.100242

Zhang, W,, Sun, |, Hou, G,, Jiang, R,, Li, W,, Yu, Z. (2024).
Investigating the potential of the limestone calcined clay
cement with cement content below 50 wt%: Hydration

properties and environmental impact
analysis. Construction and Building Materials, 411,
134264.

Aquino, C., Inoue, M., Miura, H., Mizuta, M., Okamoto, T.
(2010). The effects of limestone aggregate on concrete
properties. Construction and Building Materials, 24(12),
2363-2368.

Diab, A. M., Abd Elmoaty, M., Aly, A. A. (2016). Long term
study of mechanical properties, durability and
environmental impact of limestone cement
concrete. Alexandria Engineering Journal, 55(2), 1465-
1482.

Celik, K., Meral, C., Gursel, A. P., Mehta, P. K., Horvath, A.,
Monteiro, P.]. (2015). Mechanical properties, durability,
and life-cycle assessment of self-consolidating concrete
mixtures made with blended portland cements
containing fly ash and limestone powder. Cement and
Concrete Composites, 56, 59-72.

Zunino, F., & Scrivener, K. (2021). The reaction between
metakaolin and limestone and its effect in porosity
refinement and mechanical properties. Cement and
Concrete Research, 140,106307.
https://doi.org/10.1016/j.cemconres.2020.106307

Li, W.,Huang, Z., Cao, F., Sun, Z,, Shah, S. P. (2015). Effects
of nano-silica and nano-limestone on flowability and
mechanical properties of ultra-high-performance
concrete matrix. Construction and Building
Materials, 95, 366-374.

Han, F., Zhang, H,, Li, Z., Pang, Z. (2023). Effect of the
fineness of limestone powder on the properties of
calcium sulfoaluminate cement. Journal of Thermal
Analysis and Calorimetry, 148(10), 4033-4047.

Jin, H., Zheng, C., Liu, ], Zhy, J., Liu, W,, Xing, F., Tang, L.
(2024). Effects of limestone calcined clay, fly ash and
seawater on early hydrating behavior, mechanical
properties, microscopic performance and sustainability
of eco-friendly cement-based pastes. Journal of Thermal
Analysis and Calorimetry, 149(5), 2087-2107.

Liu, D., Chen, H., Su, R. K. L. (2024). Effects of heat-
treatment on physical and mechanical properties of
limestone. Construction and Building Materials, 411,
134183.
https://doi.org/10.1016/j.conbuildmat.2023.134183
Rashad, A. M., Morsi, W. M., Khafaga, S. A. (2021). Effect
of limestone powder on mechanical strength, durability
and drying shrinkage of alkali-activated slag
pastes. Innovative Infrastructure Solutions, 6(2), 127.
Almusallam, A. A. Beshr, H. Maslehuddin, M., Al-
Amoudi, 0. S. (2004). Effect of silica fume on the
mechanical properties of low quality coarse aggregate
concrete. Cement and Concrete Composites, 26(7), 891-
900.

Scrivener, K. L., Snellings, R. (2022). The rise of Portland
cements. Elements: An International Magazine of
Mineralogy, Geochemistry, and Petrology, 18(5), 308-
313.

Herfort, D., Moir, G. K., Johansen, V., Sorrentino, F.,
Arceo, H. B. (2010). The chemistry of Portland cement
clinker. Advances in Cement Research, 22(4), 187-194.

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Hokfors, B., Bostrom, D., Viggh, E., Backman, R. (2015).
On the phase chemistry of Portland cement
clinker. Advances in Cement Research, 27(1), 50-60.
Stutzman, P. E. (2012). Microscopy of clinker and
hydraulic cements. Reviews in mineralogy and
geochemistry, 74(1), 101-146.

Vidovszky, 1., Pintér, F. (2020). An investigation of the
application and material characteristics of early 20th-
century Portland cement-based structures from the
historical Campus of the Budapest University of
Technology and Economics. International Journal of
Architectural Heritage, Mar 15.

Nasir, M., Mahmood, A. H.,, Bahragq, A. A. (2024). History,
recent progress, and future challenges of alkali-
activated binders-An overview. Construction and
Building Materials, 426, 136141.

Shi, C,, Jiménez, A. F.,, Palomo, A. (2011). New cements
for the 21st century: The pursuit of an alternative to
Portland cement. Cement and concrete research, 41(7),
750-763.

Black, L. (2016). Low clinker cement as a sustainable
construction material. Sustainability of construction
materials, 415-457.

Hanein, T., Glasser, F. P, Bannerman, M. N. (2020).
Thermodynamic data for cement clinkering. Cement and
Concrete Research, 132, 106043.

Paul, G. Boccaleri, E. Marchese, L. Buzzi, L,
Canonico, F., Gastaldi, D. (2021). Low temperature
sulfoaluminate clinkers: The role of sulfates and
silicates on the different hydration behavior.
Construction and Building Materials, 268, 121111.
https://doi.org/10.1016/j.conbuildmat.2020.121111
Wuy, F,, Lv, W, Lj, K, Kong, L., Wang, X., Chen, H., Cheng, X.
(2024). Chloride binding behavior and mechanism of
phosphoaluminate cement clinker and its hydration
products. Construction and Building Materials, 438,
137138.
https://doi.org/10.1016/j.conbuildmat.2024.137138
Wang, Y., Yi, H, Tang, X.,, Wang, Y., An, H,, Liy, J. (2023).
Historical trend and decarbonization pathway of
China's cement industry: A literature review. Science of
The Total Environment, 891, 164580.

Zainudeen, N., Jeyamathn, J. (2004). Cement and its
effect to the environment: A case study in SriLanka,
University of Moratuwa, Department of Building
Economics, 1408-1416.

Gregg, ].S., Andres, RJ., Marland, G. (2008). China:
Emissions pattern of the world leader in COz emissions
from fossil fuel consumption and cement production,
Geophys. Res. Lett. 35(8), 1-6.

Shen, W, Cao, L., Li, Q., Zhang, W., Wang, G., Li, C. (2015).
Quantifying CO2 emissions from China’s cement
industry, Renew. Sust. Energ. Rev. 50 1004-1012.
Madlool, N. A,, Saidur, R., Hossain, M. S., & Rahim, N. A.
(2011). A critical review on energy use and savings in
the cement industries, Renew. Sust. Energ. Rev. 15,
2042-2060.

Hussain, J., Khan, A, Zhou, K. (2020) The impact of
natural resource depletion on energy use and CO:
emission in Belt & Road Initiative countries: A
crosscountry analysis, Energy, 199, 117409.

Andrew, R. M. (2018) Global CO2 emissions from cement
production, Earth Syst. Sci.,, 10, 195-217.

Shraddha, M. Siddiqui, N.A. (2014). Environmental and
health impacts of cement manufacturing emission,
International Journal of Geology, Agriculture and
Environmental Sciences, 26-31.



https://doi.org/10.1016/j.clema.2024.100242
https://doi.org/10.1016/j.cemconres.2020.106307
https://doi.org/10.1016/j.conbuildmat.2023.134183
https://doi.org/10.1016/j.conbuildmat.2020.121111
https://doi.org/10.1016/j.conbuildmat.2024.137138

1062

Journal of Chemistry and Technologies, 2024, 32(4), 1052-1062

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Grey, H. H,, Canter, L. (2011). Plants Environmental
Impact Assessments for Cement Plants, (May).
Stajanca, M. Estokova, A. (2012). Environmental
Impacts of Cement Production. Technical University of
Kosice, Civil Engineering Faculty, Institute of
Architectural Engineering, 296-302.

Hongwu, G. (2003). Noise control engineering, Wu Hang
University of Science and Technology Press.

Zhang, C,, Yuan, S, Li, D. (2012) Comprehensive control
of the noise occupational hazard in cement plant,
Procedia Eng. 43, 186-190.

Jadoon, S., Ahmad Amin, A, Malik, A., Kamal, H. (2016),
Soil pollution by the cement industry in the Bazian
Vicinity, Kurdistan Region, J. Environ. Analyt. Toxicol. 06,
(06). doi:10.4172/2161-0525.1000413

Sung, J.-H., Lee, Y.-W., Han, B.,, Kim, Y.-J, Kim, H.-].
(2020). Improvement of particle clean air delivery rate
of an ion spray electrostatic air cleaner with zero-ozone
based on diffusion charging, Build. Environ, 186,
107335.

Yi, Y., Tu, H, Zhouy, X, Liu, R, Wu, Y,, Li, D.,, Wang, Q,,
Shi, X, Deng, H. (2019). Acrylic acidgrafted pre-plasma
anofibers for efficient removal of oil pollution from
aquatic environment, /] Hazard Mater., 371, 165-174,
https://doi.org/10.1016/j.jhazmat.2019.02.085
Mymrin, V. Pedroso, D.E., Pedroso, C., Alekseev, K,
Avanci, M.A., Winter Jr., E,, Cechin, L., Rolim, P.H.B,,
larozinski, A., Catai, R.E. (2018) Environmentally clean
composites with hazardous aluminum anodizing
sludge, concrete waste, and lime production waste, J.
Clean. Prod. 174, 380-388.

Ren, D.M, Yan, C.J., Duan, P., Zhang, Z.H., Li, L.Y., Yan, Z.Y.
(2017). Durability performances of wollastonite,
tremolite and basalt fiber-reinforced metakaolin
geopolymer composites under sulfate and chloride
attack, Constr. Build. Mater. 134, 56-66.

Wei, C. B, Othman, R, Ying, C. Y, Jaya, R. P, Ing, D. S,,
Mangi, S. A. (2021). Properties of mortar with fine
eggshell powder as partial cement

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

replacement. Materials Today: Proceedings, 46, 1574-
1581.https://doi.org/10.1016/ j.matpr.2020.07.240
Chowdhury, S., Mishra, M., Suganya, 0. (2015). The
incorporation of wood waste ash as a partial cement
replacement material for making structural grade
concrete: An overview. Ain Shams Engineering Journal,
6,429-437.

Eliche-Quesada, D., Ruiz-Molina, S., Pérez-Villarejo, L.,
Castro, E., & Sanchez-Soto, P. J. (2020). Dust filter of
secondary aluminium industry as raw material of
geopolymer foams. Journal of Building Engineering, 32,
101656.

Gaspar, P.L, de Brito, J. (2008). Quantifying
environmental effects on cement-rendered facades: A
comparison between different degradation indicators.
Building and Environment, 43, 1818-1828.

Geraldo, R.H., Camarini, G. (2015). Geopolymers studies
in Brazil: A metaanalysis and perspectives. International
Journal of Engineering and Technology, 7, 390-396.
Hassan, A, Arif, M., Shariq, M. (2019). Use of geopolymer
concrete fora cleaner and sustainable environment - A
review of mechanical properties and microstructure.
Journal of Cleaner Production, 223, 704-728.

Ibrahim, S., Meawad, A. (2018) Assessment of waste
packaging glass bottles as supplementary cementitious
materials. Construction and Building Materials, 182,
451-458.

Iftikhar, S., Rashid, K., Haq, E. U., Zafar, 1., Alqgahtani, F. K.,
Khan, M. 1. (2020). Synthesis and characterization of
sustainable geopolymer green clay bricks: An
alternative to burnt clay brick. Construction and
Building Materials, 259, 119659.

Khan, K. A, Raut, A., Chandrudu, C. R., Sashidhar, C.
(2021). Design and development of sustainable
geopolymer using industrial copper by-product. Journal
of Cleaner Production, 278, 123565.

Natali, A,, Manzi, S., Bignozzi, M.C. (2011). Novel fiber-
reinforced composite materials based on sustainable
geopolymer matrix. Procedia Engineering, 21, 1124-
1131.



http://dx.doi.org/10.4172/2161-0525.1000413
https://doi.org/10.1016/j.jhazmat.2019.02.085

