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Abstract 

he production process of Portland cement has significant environmental 

impacts involving the exploitation of deposits for raw materials and 

CO2 emissions. In this study, the incorporation of different proportions 

of asbesto cement waste (ACW) was evaluated, approximately 24%, 

49%, 74%, and 86% by mass, corresponding to levels of 0.43%, 0.85%, 1.27%, 

and 1.69% of SO3, respectively, replacing the limestone and clay mixture in 

Portland clinker blends. The effects of this incorporation on the clinkering process 

were analyzed at different temperatures (1300 °C to 1450 °C). The phases formed 

in the produced clinkers were identified through X-ray diffraction (XRD), 

followed by the grinding process for cement production, which was subsequently 

characterized physically. The hydration of pastes was monitored by XRD. 

Additionally, the mechanical performance of pastes made with the produced 

cements was also assessed. From the results obtained, it was observed that ACW 

acts as a mineralizer at lower clinkering temperatures (1350 °C), resulting in an 

increase in the alite (C3S) content in the clinkers. Consequently, cements produced 

with ACW showed an increase in the amount of hydrated phases and superior 

mechanical strengths at early ages compared to the reference cement without the 

addition of ACW. 

Keywords: Portland cement. Asbestos cement waste. Portland clinker. Paste hydration. 

Resumo 

O processo de produção do cimento Portland é responsável por elevados 

impactos ambientais. Neste estudo, foi avaliada a incorporação de diferentes 

proporções de RCA (aproximadamente 24%, 49%, 74% e 86% em massa, 

correspondendo a níveis de 0,43%, 0,85%, 1,27% e 1,69% de SO3, 

respectivamente) em substituição à mistura de calcário e argila em blendas de 

clínquer Portland. Os efeitos dessa incorporação no processo de 

clinquerização foram analisados em diferentes temperaturas (1300 °C a 1450 

°C). As fases formadas nos clínqueres produzidos foram identificadas por 

meio de difração de raios X (DRX), seguido pela produção dos cimentos, que 

foram posteriormente caracterizados fisicamente. A hidratação das pastas foi 

monitorada por DRX. Além disso, o desempenho mecânico das pastas 

confeccionadas com os cimentos produzidos também foi avaliado. A partir dos 

resultados obtidos, foi observado que o RCA atua como mineralizante em 

temperaturas mais baixas de clinquerização (1350 °C), resultando no aumento 

do teor de alita (C3S) nos clínqueres. Como consequência, os cimentos 

produzidos com RCA apresentaram um aumento na quantidade de fases 

hidratadas e resistências mecânicas superiores em idades precoces quando 

comparados ao cimento sem adição de RCA. 

Palavras-chave: Cimento Portland. Resíduo de cimento amianto. Clínquer Portland. 

Hidratação das pastas. 
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Introduction 

Currently, there is significant emphasis on decarbonizing the built environment globally, considered a priority 

by the engineering community and related industrial sectors. One of the primary contributors to the global 

CO2 emissions footprint in the built environment, and consequently a critical focus in efforts to achieve 

decarbonization, is the emission profile associated with construction materials during their production and use. 

The cement industry stands out as the major contributor, in terms of volume, to emissions related to 

construction materials. For this reason, it becomes a central focus in discussions on the need for 

decarbonization of the construction industry to minimize irreversible damage to the planet and its ecosystems. 

In this context, the goal of achieving zero CO2 emissions by 2050 assumes essential significance (IPCC, 2023). 

In 2020, cement production played a significant role in global human-caused CO2 emissions, contributing 

approximately 7% to 8% of the total (CSI, 2021; WBCSD, 2012). Considering that approximately half of the 

cement produced worldwide is used in reinforced concrete structures (Cao et al., 2020), reducing the carbon 

footprint embedded in these structures emerges as a crucial strategy for the decarbonization process. This 

approach gains even more relevance in light of the projected annual increase of 2.2% in global demand for 

construction materials and infrastructure until 2060 (IRP, 2023). 

A reduction in carbon dioxide emissions from combustion can be achieved by substituting fossil fuels with 

alternative fuels, optimizing the burners and calciners of the system, introducing new heating methods, or 

capturing carbon dioxide from the process. Additionally, the cement industry aims to replace limestone with 

secondary raw materials and calcium-rich waste from other industries, such as copper tailings (Ghazi; 

Jamshidi-Zanjani; Nejati, 2022), TiO2 waste (Andrade Neto et al., 2022), granite rock fines (Gomes et al., 

2019; Santos et al., 2022), eggshell waste (Her et al., 2022), and iron ore tailings (Young; Yang, 2019; Faria 

et al., 2023; He et al., 2023). 

In this scenario, the possibility of using Asbestos Cement Waste (ACW) in clinker production arises, whose 

chemical composition is similar to that of limestone and originates from fibrocement materials that have not 

been properly disposed of. With the identification of the carcinogenic potential of asbestos fibers (Stayner; 

Welch; Lemen, 2013), more than 75 countries have banned their exploitation, creating the need for alternatives 

to avoid improper disposal in landfills (Iwaszko; Zawada; Lubas, 2018). Spasiano and Pirozzi (2017) report 

that approximately 210 million tons of asbestos fibers were extracted worldwide between 1900 and 2015. 

According to Flanagan (2019), it is estimated that about 8.8 million tons of asbestos fibers were industrialized 

in Brazil between 1940 and 2018, resulting in over 100 million tons of asbestos tiles without proper disposal. 

Thus, the accumulated production of asbestos tiles in Brazil during this period was about 2.5 times the 

country's annual limestone production (approximately 40 million tons). 

In a recent study, Santos, Cilla, and Ribeiro (2022) reported that the use of ACW in Portland clinker meal, 

replacing limestone, led to a reduction in CO2 emissions by up to 11.85%. These authors also observed that 

the combined action of MgO and SO3, present in ACW, accelerated the reactions in the clinkering process, 

increasing the percentage of C3S in the produced clinker. However, it is worth noting the scarcity of studies 

regarding the combined influence of these two oxides present in ACW on the polymorphism of C3S and C3A. 

Therefore, in this study, in addition to the mineralogical characterization of clinkers containing ACW, 

hydration analysis was conducted through X-ray diffraction (XRD). Finally, a physical-mechanical analysis 

of pastes produced with cements containing ACW was also performed. 

Materials and methods 

Materials 

The ACW samples were taken from corrugated tiles collected from residences located in Salvador, Bahia, 

Brazil. These tiles were manufactured on a Hatscheck machine, with a nominal thickness of 4 mm, a width of 

60 cm, and a length of 213 cm after approximately 23 years of exposure to weathering. This manipulation 

process was carried out in an isolated space and using equipment personal protective equipment such as gloves 

and masks. Figure 1 displays a micrograph captured by a TESCAN scanning electron microscope (SEM) at 

15 kV (Vega 3 LMU model). The fractured section of a sample taken from the tiles reveals the presence of 

fibrous bundles, characteristic attributes of asbestos, similar to those described by Belardi and Piga (2013). 

Table 1 presents the specific mass of particulate materials, determined using a helium gas pycnometer 

(AccuPyc II 1340 Micromeritics). Additionally, the specific BET surface area, obtained through a Gemini VII 

Micromeritics surface area analyzer, and the median equivalent diameters (D50) obtained from the particle size 
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distribution of the materials are provided. This distribution was analyzed using a laser diffraction particle size 

analyzer (CILAS 1180). 

It is observed that the particles present in the ACW are finer compared to conventional raw materials. The 

presence of smaller particles in ACW in comparison to traditional raw materials such as clay and limestone 

may influence reactivity during the clinkering process. 

As expected, limestone is predominantly composed of calcium oxide (Table 2), which is the main component 

of the raw mix. The clay used in the study showed high levels of silicon and aluminum oxides, which are the 

sources of these constituents in the meal. ACW exhibits a predominance of CaO (38.69%) and SiO2 (13.16%), 

suggesting that this waste can serve as a partial substitute for limestone. Additionally, significant levels of 

MgO (6.97%) and SO3 (1.69%) are found, data that align with previous studies conducted by Santos, Cilla, 

and Ribeiro (2022) and Ranaivomanana and Leklou (2021). 

The mineralogical characterization of ACW (Figure 2) was conducted through X-ray diffraction using a 

Bruker X-ray diffractometer, model D2 Phaser (with a target tube: wavelength 0.154060 nm), set at 30 kV 

and 10 mA, without a secondary monochromator filtration system. Diffraction spectra were obtained for a 

scanning range (2θ) between 5° and 70°, with a continuous speed of 0.1°/s. The DifracEva software, 

incorporating the Crystallography Open Database (COD), was employed to identify the mineralogical phases. 

Figure 1 – Morphology of ACW after grinding, obtained by SEM 

 

Table 1 – Specific mass, D50, and B.E.T specific surface area of limestone, clay, and ACW 

Materials 
Propriedades 

Specific mass (cm³/g) D50 (µm) Specific surface area B.E.T (m²/g) 

Limestone 2.72 ± 0.13 2.40 12.26 ± 1.12 

Clay 2.69 ± 0.52 7.14 6.17 ± 1.35 

ACW 2.57 ± 0.10 1.80 30.38 ± 2.06 

Table 2 – Chemical composition of raw materials obtained by X-ray fluorescence 

Materials 
Contents (%) 

CaO SiO2 Al2O3 Fe2O3 MgO K2O SO3 Other LOI* 

Limestone 43.55 10.80 3.16 1.27 2.10 0.57 -- 0.18 38.20 

Clay 0.24 58.29 23.50 4.77 1.18 1.38 0.12 1.10 8.47 

ACW 38.69 13.16 2.4 2.42 6.97 0.35 1.69 0.63 33.65 

Gypsum 32.14 2.07 1.00 0.25 -- 0.18 41.89 0.42 22.00 

Note: *loss on igntion. 
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Figure 2 – X-ray diffractogram of asbestos-cement tile waste, with identification of crystalline phases 

 

In the X-ray diffractogram of ACW, characteristic peaks of calcite (CaCO3), quartz (SiO2), chrysotile 

[Mg3Si2O5(OH)4], and dolomite [CaMg(CO3)2] were identified, minerals also identified by Viani and Gualtieri 

(2014) and Viani et al. (2013). However, these authors found other mineralogical phases in ACW, such as 

portlandite [Ca(OH)2], belite β (Ca2SiO4), amphibole asbestos, and aragonite (CaCO3), due to the variety of 

samples evaluated. In a recent study, Carneiro et al. (2021) reported that the presence of calcite and absence 

of hydrated compounds in ACW can also be justified by the carbonation of hydrated cement compounds, 

which typically occurs in a relatively short time due to the thin thickness of the tiles. 

Methods 

Clinker dosage and production 

Table 3 presents the proportions of the raw mixes based on the various chemical compositions of the raw 

materials obtained by XRF. For the calculation of the raw mix, the values of LSF (Lime Saturation Factor) 

were kept at 98. The proportions of ACW, which replaced the combination of limestone + clay, were set at 

approximately 24.01%, 48.82%, 74.46%, and 85.76% by mass, resulting in a reduction in the limestone 

content by approximately 23.80%, 48.30%, 73.70%, and 84.90%, respectively, and in the clay content by 

approximately 28.00%, 57.00%, 86.80%, and 100.00%, respectively. 

The LSF was set at 98 to ensure the formation of 70% alite in Portland clinker, as observed in previous studies 

conducted by Schoon et al. (2012), and Vilaplana et al. (2015). The chemical modules of the raw mix, as 

presented in Table 1, including the Silica Module (SM) and the Alumina Module (AM), were determined 

using Equations 1 to 3. 

LSF =  
100CaO

2.SiO2+1.2Al2O3+0.65Fe2O3
                Eq. 1 

SM =  
SiO2

Al2O3+Fe2O3
                 Eq. 2 

AM =  
Al2O3

Fe2O3
                  Eq. 3 

According to the data presented in Table 1, it can be observed that clinkers produced with ACW exhibit 

contents of up to 4.35% by mass of MgO and 1.69% by mass of SO3. Maki and Goto (1982) report that the 

presence of up to 1.80% of SO3 can have a mineralizing effect on the clinkering process, as well as assisting 

in the burning of raw mixes. However, an excess of SO3 in these mixes can result in a reduction in the C3S 

content formed, leading to higher emissions of SO2 gases and corrosion in rotary kilns (Taylor, 1997). Thus, 

the incorporation of SO3 should be limited to 2% by mass (Chatterjee, 2011). 
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Table 3 – Design of the mix, chemical modules, and expected levels of SO3, MgO, and equivalent alkalis in 
clinkers produced from the incorporation of ACW 

Raw mix 
Proportion in Materials (%m) Chemical parameters Expected content (%m) 

Limestone Clay ACW LSF AM SM SO3 MgO Eq* 

CL-AC0 95.29 4.70 0.00 98 2.88 2.35 0.01 2.02 0.40 

CL-AC24 
72.05 

(-23.8%) 

3.94 

(-28.0%) 
24.01 98 2.22 2.41 0.43 2.61 0.45 

CL-AC49 
48.82 

(-48.3%) 

2.36 

(-57.0%) 
48.82 98 1.72 2.51 0.85 3.19 0.49 

CL-AC74 
24.82 

(-73.7%) 

0.72 

(-86.8%) 
74.46 98 1.29 2.63 1.27 3.77 0.54 

CL-AC86 
14.24 

(-84.9%) 

0.00 

(-100%) 
85.76 98 1.12 2.69 1.69 4.35 0.59 

Note: *equivalent alkalis. 

It was also observed, in some raw mixes with ACW, that the MgO contents (4.35%) are lower than the 

permissible normative value for Portland cements (6.50%), stipulated by NBR 16697 (ABNT, 2018). This 

phenomenon indicates that such raw mixes may not produce cements with MgO contents higher than required 

by the standard. Finally, it is noted that the content of equivalent alkalis (Na2O + 0.658·K2O) in the raw mixes 

with ACW ranges from 0.40% to 0.59%. 

After the dosing of the raw materials, homogenization was carried out in the horizontal rotary mill QUIMIS, 

model Q298. The clinker production process followed the methodology adopted in the studies by Gomes et 

al. (2019), simulating the industrial stages of raw material homogenization and pre-calcination, as well as 

clinker sintering and cooling for laboratory production. 

For the manufacture of the clinkers, pellets of the raw material were prepared with an approximate mass of 

1.50 g and a diameter of 1 cm. To make these pellets, a water content of 20% (by mass) was added to provide 

workability to the material and achieve the appropriate consistency. The pellets were dried in an oven at 100 

°C for 12 hours and then placed in alumina crucibles. Subsequently, they were sintered in a Nabertherm 

furnace (model LHT 02/17 LB Speed) with a heating rate of 5 °C/min until reaching 900 °C, remaining at this 

temperature for 30 minutes. In the second heating stage of the pellets, the same heating rate (5 °C/min) was 

used until reaching the final temperature (1300 °C, 1350 °C, 1400 °C, and 1450 °C), where they remained for 

15 minutes before being rapidly cooled (190 °C/min) for the production of experimental clinkers. 

Mineralogical characterization of clinkers 

In order to analyze the phases present in the produced clinkers, X-ray diffraction (XRD) technique was employed. 

Diffraction spectra were acquired in the range of 10° to 70° (2θ), using a continuous mode at a rate of 0.1°/s. The 

same equipment and configurations described in section 2.1 were used for this analysis. 

Table 4 presents a summarized overview of the main information regarding the clinker phases and their respective 

ICSD cards, which were used in the quantitative evaluation conducted through the Rietveld method. 

Production and characterization of Portland cement 

For cement production, 6.00% of gypsum was added to the clinker by mass, and then the samples were 

homogenized in a vertical rotary mill with steel balls, a Union Process Szegvari Attritor model, rotating at 700 

rpm for 2 hours. According to the chemical analysis of the gypsum, it is possible to estimate, according to 

calculations suggested by C 150 (ASTM, 1997), that the added SO3 content in the cement manufacturing was 

2.50%. Thus, it is noted that the amount of sulfur trioxide (mass%) added is less than or equal to 4.50% for all 

types of cement (ABNT, 2018). Subsequently, the cements underwent characterization, including the 

determination of specific mass (by helium gas pycnometry), specific surface area by the Blaine method (using the 

automatic permeameter BSA 1 ACMEL), B.E.T. surface area, and particle size distribution (using the CILAS 

particle analyzer, model 1180). 
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Table 4 – Mineralogical phases of Portland clinker, along with the ISCD code of the crystallographic 
cards used in X-ray diffraction (XRD) analyses 

Mineralogical phases ISCD CODE Reference 

C3S 162744 De la Torre et al. (2007) 

C3A 1841 Mondal and Jefferey (1975) 

C4AF 9197 Colville and Geller (1971) 

Periclase 9863 Sasaki, Fujino and Takéuchi (1979) 

Free lime 28905 Primak, Kaufman and Ward (1948) 

Production and characterization of cement pastes 

For the cement paste molding, a mixer with a speed of 300 rpm in a plastic container was used for a period of 1 

minute, with a water-to-cement ratio of 0.4, without the addition of chemical additives. The decision was made 

to use small-sized cubic specimens due to the scarcity of material produced on a laboratory scale, which makes it 

impractical to manufacture the cylindrical specimens recommended by NBR 7215 (ABNT, 1996). This standard 

establishes the fabrication of cylindrical mortar specimens, with a diameter of 50 mm and a length of 100 mm, 

requiring a larger amount of cement. Demolding was performed after 24 hours, and the specimens were cured by 

immersion in water at room temperature (25.0 ± 2.0 °C). Subsequently, XRD analysis and compressive strength 

tests were conducted. 

Analysis of the hydration process 

The evolution of the cement hydration process in cement pastes was monitored through X-ray diffraction at the 

ages of 1, 3, 7, 28, and 91 days. Diffraction spectra were obtained in the range of 5° to 60° (2θ), using a continuous 

mode at 0.1º/s. For this purpose, at the mentioned ages, the pastes were placed and kept in an oven at 40 °C for 

about 5 hours to eliminate free water and allow grinding. This temperature was chosen because above 45 °C, 

thermal decomposition of C-S-H and ettringite occurs. The hydration process of these cements was also evaluated 

by X-ray diffraction, using the same equipment and parameters detailed in the mineralogical analysis of the 

clinkers. 

Mechanical strength of cement 

The mechanical compressive strength was determined using the method proposed by Mehta  and Gjorv 

(1974) and adopted by Costa (2013), which utilizes specimens on a reduced scale, requiring a smaller 

amount of cement. Compressive strengths of paste specimens, produced with experimentally obtained 

cements, were verified using cubic specimens of approximately 15 x 15 x 15 mm³ (Figure 38). Tests were 

conducted on an INSTRON 23-10 universal testing machine, equipped with a 10 kN load cell, with 

displacement control and a loading rate of 0.2 N/mm². 

The results of mechanical strength will also include ANOVA statistical analyses of the produced cement 

samples. Assessments of significance and model lack of fit are obtained through analysis of variance 

(ANOVA), with a significance level of 95% (α = 0.05). 

Expansibility 

For the expansion test, Le Chatelier needles were used as proposed by the Brazilian standard NBR 11582 

(ABNT, 1991), similar to BS EN 196-3 (BSI, 2005). After preparing the pastes, it was possible to obtain 

cold strength, which is expressed by the difference in distance between the needles over seven days 

immersed in potable water at a temperature of 23 °C. Cold expansibility allowed for analyzing the 

influence of MgO on the cementitious matrix. 

Results and discussion 

Mineralogical characterization of clinkers 

In Figures 3 to 6, X-ray diffraction (XRD) spectra of reference clinkers (CL-0) and clinkers containing 

24%, 49%, 74%, and 86% of ACW produced at temperatures of 1300 °C (Figure 3), 1350 °C (Figure 4), 

1400 °C (Figure 5), and 1450 °C (Figure 6) are presented. 
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Figure 3 - X-ray diffractograms of clinkers produced with 24%, 49%, 74%, and 86% ACW content 
replacing the limestone + clay mixture, at 1300 °C 

 

Figure 4 – X-ray diffractograms of clinkers produced with 24%, 49%, 74%, and 86% ACW content 
replacing the limestone + clay mixture, at 1350 °C 
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Figure 5 – X-ray diffractograms of clinkers produced with 24%, 49%, 74%, and 86% ACW content 
replacing the limestone + clay mixture, at 1400 °C 

 

Figure 6 – X-ray diffractograms of clinkers produced with 24%, 49%, 74%, and 86% ACW content 
replacing the limestone + clay mixture, at 1450 °C 

 

From the X-ray diffraction patterns shown in the aforementioned figures, peaks related to the main crystalline 

phases of Portland clinker (alite, belite, tricalcium aluminate, and tetracalcium aluminoferrite) are observed. 

Additionally, the absence of the chrysotile mineral phase, commonly found in asbestos tiles, is noteworthy. 

Santos, Cilla, and Ribeiro (2022) report that this phenomenon can be explained by the dehydroxylation of the 

fibers and the breakdown of amorphous anhydrides. 

Table 5 presents the results of the quantitative analysis obtained through the Rietveld method. Although the 

produced clinkers have considerable alkali and SO3 contents in their chemical composition, it was not possible 
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to identify the presence of alkali sulfates, such as aphtitalite, ca-langbeinite, and arcanite, through XRD 

analysis. It was also observed that the presence of ACW did not lead to the formation of any additional phases, 

which is consistent with studies conducted by Schoon et al. (2012), who also evaluated the use of this waste 

in Portland clinker production. 

Based on the results presented in Table 5, it can be noted that clinkers obtained at temperatures of 1350 °C, 

1400 °C, and 1450 °C, containing a proportion of up to 86% of ACW with 1.69% of SO3, showed higher 

amounts of alite (C3S) compared to the reference clinker (without ACW). The most promising results were 

achieved with an addition of 74% of ACW, resulting in approximately 1.27% of SO3. 

Taylor (1997), Sohn et al. (2012), Schepper et al. (2013), and Boháč et al. (2022) report that the addition of 

SO3 (up to 1.0%) to the raw mix reduces the formation temperature and viscosity of the liquid phase, increasing 

the diffusion of calcium ions, and consequently, the alite content at low temperatures. Additionally, the MgO 

present in Portland clinker raw mixes (up to approximately 4.35%) can also reduce the viscosity of the liquid 

phase formed during the clinkering process, facilitating the diffusion of calcium ions towards C2S crystals and 

reducing the Ca/Si ratio, accelerating the formation of alite in the clinker (Kolovos et al., 2001; Maki et al., 

1993; De La Torre et al., 2007). 

Kolovos et al. (2001) and Yang et al. (2023) investigated the effects of minor elements present in the raw mix 

in the CaO–SiO2–Al2O3–Fe2O3 system, observing that compounds containing SO3 enhance the reactivity of 

the mixture, accelerating the combination of CaO, especially during the final stage of clinkering. In another 

study conducted by Raina and Janakiraman (1998), it was concluded that the presence of SO3 accelerates the 

decomposition of CaCO3 at lower temperatures, resulting in reduced energy consumption. Moreover, the 

presence of this oxide favors the growth of C3S crystals, facilitated by the formation of the liquid phase at 

lower temperatures. However, Katyal et al. (1998) emphasize that high concentrations of SO3, above 2.50%, 

have a significant negative impact on the formation of C3S crystals during clinker production. 

In clinkers subjected to calcination at 1300 °C, a lower alite content below the acceptable standard was 

observed. This content was even lower in clinkers containing ACW, suggesting that the temperature used was 

insufficient for the proper development of C3S crystals. 

Table 5 – Mineralogical compositions (%) of reference clinkers (CL-AC0) and those with the addition of 
different levels of ACW in substitution for the clay + limestone mixture, produced at temperatures of 
1300 °C, 1350 °C, 1400 °C, and 1450 °C, obtained by the Rietveld method 

Mixes 
Content (%) Indicators 

C3S βC2S C3A C4AF f-MgO f-CaO Rwp* GOF** 

1
3
0
0

 °
C

 CL-AC0-1300 45.60±2.10 40.00±2.00 8.20±0.60 1.90±0.80 1.8±1.50 2.60±1.50 11.30±1.80 1.30±0.10 

CL-AC24-1300 26.10±0.60 60.60±0.60 7.90±0.30 2.10±1.50 1.3±0.50 0.10±0.10 12.70±0.70 2.90±0.70 

CL-AC49-1300 22.90±0.70 56.00±1.00 8.00±0.30 2.20±0.50 9.6±0.74 1.40±0.50 14.70±0.80 3.30±1.40 

CL-AC74-1300 22.50±1.50 60.00±1.00 7.30±1.10 4.10±0.30 6.0±1.23 0.20±0.00 11.00±1.20 1.80±0.70 

CL-AC86-1300 13.90±2.20 65.00±2.00 7.90±0.90 3.00±0.20 9.8±1.89 0.50±0.20 10.00±0.30 3.40±0.70 

1
3
5
0

 °
C

 CL-AC0-1350 46.40±6.20 33.20±1.30 9.80±0.10 2.40±0.80 8.0±2.50 0.40±0.30 13.00±0.40 2.80±1.70 

CL-AC24-1350 58.20±5.10 21.60±4.00 7.50±0.10 2.80±0.50 10.0±1.20 0.00±0.00 13.50±3.10 3.80±0.30 

CL-AC49-1350 63.20±0.40 18.00±1.90 9.50±0.90 3.40±1.60 5.50±1.10 0.50±0.10 11.30±1.40 4.00±0.70 

CL-AC74-1350 64.90±1.20 16.20±2.00 7.40±0.30 3.80±0.80 7.80±1.45 0.00±0.00 9.80±2.40 3.20±0.70 

CL-AC86-1350 57.40±0.50 17.20±2.70 8.1±1.500 3.80±0.70 13.30±1.53 0.30±0.10 11.80±2.50 4.30±2.50 

1
4
0
0

 °
C

 CL-AC0-1400 55.60±2.10 26.90±1.80 9.5±0.500 3.60±0.90 4.40±0.90 0.40±0.00 10.70±0.70 2.30±0.70 

CL-AC24-1400 57.00±2.70 23.01±0.75 8.60±1.20 1.60±1.30 9.80±2.69 0.00±0.00 10.90±1.00 4.50±1.00 

CL-AC49-1400 61.70±2.90 22.80±2.90 8.70±0.20 2.90±1.70 4.00±4.80 0.00±0.00 9.40±0.70 3.10±0.70 

CL-AC74-1400 62.90±0.60 21.80±0.30 8.80±0.20 3.30±0.80 3.30±3.50 0.00±0.00 8.30±0.60 2.90±0.60 

CL-AC86-1400 57.50±2.40 19.10±1.10 9.10±0.50 2.80±0.70 11.60±1.89 0.00±0.00 11.10±0.70 2.80±0.70 

1
4
5
0

 °
C

 CL-AC0-1450 54.10±0.20 31.30±0.30 8.70±1.45 3.80±0.70 2.10±1.23 0.00±0.00 10.40±1.90 1.60±1.80 

CL-AC24-1450 55.30±3.30 24.70±0.60 6.60±0.90 3.30±0.20 10.20±1.45 0.00±0.00 13.50±0.90 3.00±0.90 

CL-AC49-1450 60.80±0.30 20.30±1.70 6.30±1.30 5.50±0.20 7.10±2.50 0.00±0.00 12.80±2.10 2.90±2.10 

CL-AC74-1450 62.70±0.20 15.80±0.70 6.70±1.30 3.80±1.30 11.10±2.40 0.00±0.00 13.00±0.80 2.10±0.80 

CL-AC86-1450 56.80±3.20 17.00±1.10 7.00±0.80 7.10±3.00 12.20±3.50 0.00±0.00 13.40±0.50 4.00±0.50 

Note: *Quality of the Rietveld analysis fit, which should be below 5.**weighted profile factor indicating the quality of 

quantitative analysis, which should be below 15. 
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Regarding the formation of aluminates, a small reduction in the C3A content can be observed with the increase 

in the addition of ACW in the raw mix. This phenomenon can be explained by the fact that ACW has a lower 

aluminum content compared to the content present in clay. Thus, by replacing part of the clay and limestone 

mixture with ACW, there is an increase in the silica module (see Table 1), resulting in higher silicate content 

at the expense of aluminates (Winter, 2012). According to the XRD analysis of the clinkers, the undesirable 

presence of periclase (f-MgO) was observed, which, when in excess, can result in expansive reactions in the 

cement. The levels found in various experimental clinkers (up to 13.3%) exceed the permissible normative 

value (6.50%), indicating that the clinkers may present expansibility issues due to the presence of periclase. 

The free lime content in the clinkers calcined at 1350 °C, 1400 °C, and 1450 °C was below 0.5%, indicating 

an effective clinkering process. In some clinkers calcined at 1300 °C, a small increase in free lime content was 

noticed, indicating that this temperature is not sufficient for the production of Portland clinkers. 

Finally, based on these analyses, it was observed that the clinkers with the addition of 49% and 74% ACW 

obtained at 1350 °C showed similar alite contents to those produced at 1400 °C. Therefore, aiming to produce 

cements at lower temperatures with lower environmental impact, it was decided to use clinker for the 

production of cements without and with the addition of 49% and 74% ACW at 1350 °C, in addition to the 

temperature commonly used in the industry (1450 °C), for comparative analysis. 

Cement characterization 

Physical characterization 

Figure 7 illustrates the particle size distribution of the laboratory-scale produced cements with and without the 

incorporation of ACW. The analysis of the particle size distribution revealed similarities between the 

experimental cements with ACW after mechanical treatment, highlighting very close D50 values. Table 6 

shows the values of D10, D50 and D90 of cements. 

Figure 7 – Particle size distribution of the reference cement (CEM-AC0) and with the addition of 49% 
and 74% ACW replacing the clay + limestone mixture, produced at temperatures of 1350°C and 1450 
°C 

 

Table 6 – Specific mass, surface area (Blaine and B.E.T), and loss on ignition (LOI) of reference cements 
(CEM-AC0) and with the addition of 49% and 74% ACW in substitution for the clay + limestone mixture, 
produced at temperatures of 1350 °C and 1450 °C 

Cement D10 D50 D90 

CEM-AC0-1350 25.0 11.0 2.4 

CEM -AC49-1350 30.0 13.0 4.0 

CEM -AC74-1350 25.0 11.0 2.8 

CEM -AC0-1450 23.0 8.5 2.6 

CEM -AC49-1450 28.0 12.0 2.6 

CEM -AC74-1450 25.0 10.0 3.0 
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Table 7 shows the values of specific mass and specific surface areas (B.E.T. and Blaine) of the analyzed 

cements. It can be observed that the incorporation of ACW resulted in a reduction in the density of the cement 

since ACW has a lower specific mass compared to other raw materials such as limestone and clay. There was 

a decrease in the surface areas (Blaine and B.E.T.) of the cements when adding 49% and 74% ACW to the 

raw clinker mixture. Therefore, the reference cement (CIM-AC0) exhibited a smaller particle size, indicating 

that the grinding process was less efficient for the clinkers produced with ACW. 

The physical properties of the cements containing ACW obtained in this study resemble those found by 

Schoon et al. (2012), who produced cements with 10% ACW incorporation and a Blaine surface area of 3,230 

cm2/g. 

Cements with ACW showed lower loss on ignition, which is possibly associated with the partial substitution 

of limestone and the consequent reduction in the calcium carbonate content in the mixture. However, all 

cements demonstrated satisfactory loss on ignition (between 2.50% and 3.20%), as specified by NBR 16697 

(ABNT, 2018). 

Hydration analysis of pastes 

Figure 8 presents X-ray diffraction (XRD) analyses conducted on cement pastes produced with and without 

the addition of ACW at different stages (1, 3, 7, 28, and 91 days) to examine the hydration of the generated 

cements. The inclusion of ACW did not result in the formation of additional phases during the cement 

hydration process. According to this analysis, a reduction in the intensity of diffractometric peaks related to 

anhydrous phases can be observed from 1 to 91 days, particularly in the range between 32° and 33° (2Ɵ), 

mainly attributed to the alite and belite phases, respectively. 

The pastes with cements produced with ACW did not show significant changes in the formation of the main 

ettringite peak when compared to the reference cement over time. It was also noted that the addition of ACW 

in the production of Portland clinker did not influence the formation of AFm phases, resulting from the 

conversion of ettringite, which occurs due to the low concentration of aluminates present in the cements as it 

is a poorly crystalline hydrate (Durdzinski et al., 2015). 

However, the incorporation of ACW in the production of Portland clinker intensified the formation of 

portlandite peaks in the first 24 hours due to the higher C3S content in the cement produced compared to the 

reference cement. In the early ages, the main reason for the small increase in the portlandite peaks is the higher 

C3S content in the cements produced with ACW compared to the reference cement. Studies by Zhou et al. 

(2018) reported that, after 1 day of hydration, cements produced with up to 1.50% SO3 in the clinker meal 

show an increase in heat flow compared to cement without SO3 addition. Yamashita et al. (2020), using up to 

2.0% gypsum board waste in the clinker meal (3.40% SO3), also observed an acceleration of the hydration 

process. In agreement Uda, Asakura and Nagashima (1998) reported that the addition of fly ash and slag to 

Portland clinker meals significantly affected the formation of alite and, consequently, the hydration of 

cementitious matrices at early ages. 

Table 7 – Specific mass, surface area (Blaine and B.E.T), and loss on ignition (LOI) of reference cements 
(CEM-AC0) and with the addition of 49% and 74% ACW in substitution for the clay + limestone mixture, 
produced at temperatures of 1350 °C and 1450 °C 

Cement 
Density 

(g/cm³) 

Especific surface area 
*LOI  

B.E.T (m²/g) 

CEM-AC0-1350 3.78 ± 0.10 3.12 ± 0.07 3.14 ± 0.10 

CEM -AC49-1350 3.79 ± 0.30 2.78 ± 0.06 3.19 ± 0.12 

CEM -AC74-1350 3.63 ± 0.02 2.55 ± 0.09 2.50 ± 0.30 

CEM -AC0-1450 3.90 ± 0.15 4.60 ± 0.06 3.25 ± 0.01 

CEM -AC49-1450 3.71 ± 0.16 3.62 ± 0.08 3.04 ± 0.02 

CEM -AC74-1450 3.65 ± 0.24 3.25 ± 0.08 2.98 ± 0.12 

Note: *loss on Igntion. 
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Figure 8 – X-ray diffractograms of reference cement paste (without ACW) and with the addition of ACW, 
produced at temperatures of 1350 °C and 1450 °C after (A) 1 day, (B) 3 days, (C) 7 days, (D) 28 days, 
and (E) 91 days of hydration 

 

After the first 3 days of hydration, there was a minimal variation in the intensity of the portlandite peak in all 

produced cements. Finally, from the X-ray diffraction analysis, it was observed that the cements CEM-0, CEM 

49, and CEM-AC74, produced at temperatures of 1350 °C and 1450 °C, exhibit similar levels of hydrated 

products at later ages, with no significant differences in the hydration kinetics. Yvon and Sharrock (2011) also 

observed that the addition of ACW in clinker production did not affect the hydration of cement matrices at 

later ages. 
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Mechanical strength of cement pastes 

For the analysis of axial compressive strength of the produced cement pastes, four cubic specimens (15 x 15 

x 15 mm³) were used for each type of cement at each studied age (1, 3, 7, 28, and 91 days). The results are 

presented in Figure 9. Tables 8 and 9 present the ANOVA statistical evaluation regarding the mechanical 

strength of the produced cement pastes. 

For pastes prepared with cements produced at 1350 °C and 1450 °C, an increase in axial compressive strength 

was observed in the early days of hydration for cements with ACW compared to reference cements. This 

increase can be attributed to the higher content of C3S available in cements with ACW, a behavior also 

identified by Odler and Zhang (1996), who added 1.80% of SO3 to the clinker, resulting in accelerated axial 

compressive strength development. Additionally, no significant difference in compressive strength was 

observed between cements with 49% and 74% ACW. 

At 28 days, the axial compressive strengths of all cements were similar, regardless of the presence or absence 

of ACW and the clinkering temperature. Stanek and Sulovsky (2002) and Taylor (1997) suggest that cements 

with higher levels of belite may exhibit a slower hydration rate, resulting in increased cement strength at later 

ages. 

Studies conducted by Zhou et al. (2018) reported that cements with up to 1.50% of SO3 in the clinker mixture 

showed a 13.0% increase in mechanical strength after 1 day of hydration compared to cement without SO3 

addition. However, after 28 days of curing, the increase was only 9.5%. Yamashita et al. (2020) also observed 

that compressive strength increased for clinkers with up to 1.2% of SO3 after 3 days of hydration but decreased 

after 28 days. 

Figure 9 – Axial compressive strength at 1, 3, 7, 28, and 91 days of the pastes produced with reference 
cements (CEM-AC0) and with the addition of 49% and 74% ACW in substitution for the clay+limestone 
mixture, produced at temperatures of 1350 °C and 1450 °C 

 

Table 8 – Summary of the ANOVA statistical analysis of the mechanical strength of cement pastes 
produced with ACW at 1350 °C compared to the reference samples (without ACW) 

Age SQ GL MQ F P Fc Significant Effect 

1 day 

(AC-1350) 
415.49 2.00 207.74 32.09 0.00 4.26 Yes 

3 days 

(AC-1350) 
358.43 2.00 179.21 35.52 0.00 4.26 Yes 

7 days 

(AC-1350) 
283.67 2.00 141.84 9.85 0.01 4.74 Yes 

28 days 

(AC-1350) 
143.98 2.00 71.99 5.76 0.03 4.46 Yes 

91 days 

(AC-1350) 
11.78 2.00 5.89 0.32 0.73 4.26 No 
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Table 10 – Summary of the ANOVA statistical analysis of the mechanical strength of cement pastes 
produced with ACW at 1450 °C compared to the reference samples (without ACW) 

Age SQ GL MQ F P Fc Significant Effect 

1 day 

(AC-1450) 
90.26 2.00 45.13 10.82 0.01 4.74 Yes 

3 days 

(AC-1450) 
522.23 2.00 261.11 4.87 0.03 3.89 Yes 

7 days 

(AC-1450) 
126.47 2.00 63.24 3.96 0.06 4.26 No 

28 days 

(AC-1450) 
1.26 2.00 0.63 0.04 0.96 4.26 No 

91 days 

(AC-1450) 
17.43 2.00 8.71 0.47 0.64 4.26 No 

It is important to highlight that the compressive strength values of the cement pastes produced with ACW 

incorporation are comparable to those of commercial Portland cement pastes, meeting the strength 

requirements defined by the Brazilian standard NBR 16697 (ABNT, 2018). Finally, it is relevant to emphasize 

that the mechanical strength results are consistent with XRD analyses of the pastes, indicating that ACW 

accelerates the initial hydration reactions when added to Portland clinker mixtures. 

Expansibility 

Table 10 presents the results of cold expansibility of the reference cements and those containing 49% and 74% 

ACW, produced at 1350 °C and 1450 °C, obtained from Le Chatelier needles. 

The cements containing ACW and produced at 1350 °C showed a cold expansibility of 3.00 mm (CEM-49AC-

1350) and 3.20 mm (CEM-74AC-1350), while those produced at 1450 °C exhibited an expansibility of 0.95 

mm (CEM-49AC-1450) and 1.0 mm (CEM-49AC-1450), respectively. It was observed that there was an 

increase in the expansibility of the cements with ACW addition compared to the reference cements CEM-

AC0-1350 and CEM-AC-1350. This increase in expansibility of the produced cements is likely related to the 

high content of periclase (up to 11.50%) present in the clinkers made with ACW. Although the incorporation 

of ACW in Portland clinkers led to an increase in the expansibility of the produced matrices, it was found that 

all cements met the recommendations of standard NBR 11582 (ABNT, 1991), presenting values lower than 

the permitted limit (5 mm). 

Conclusions 

Based on the results obtained during the experimental program and the analyses conducted throughout the 

study, the following conclusions can be highlighted: 

(a) different additions of ACW were analyzed, incorporated into the limestone and clay mixture. The 

results showed that there is chemical compatibility between ACW and the other raw materials 

constituting clinker, and its incorporation into the clinkerization process did not result in negative 

indicators for the main characteristics of Portland cement; 

(b) ACW acts as a mineralizer, accelerating reactions in the clinkerization process and increasing the 

percentage of alite present in the clinker. The mixture containing 74% ACW incorporation produced at 

1350 °C with 1.27% SO3 resulted in a clinker with a higher alite content compared to the others; 

(c) the addition of ACW (up to 1.69% SO3) to the clinker led to a reduction in the C3A content in the 

cement; 

(d) according to the mineralogical characterization of the pastes of cements with ACW, an increase in the 

quantity of hydrated products was observed only in the early ages; and 

(e) the physical-mechanical performance of pastes made with cements produced with 74% and 49% ACW 

at 1350 °C, at 91 days, was similar to that of pastes made at 1450 °C, allowing their use in the 

production of cementitious matrices. 
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Table 9 – Cold expansibility of reference cements (CIM-AC0) and with the addition of 49% and 74% ACW 
in replacement of the clay + limestone mixture, produced at temperatures of 1350 °C and 1450 °C 

Cement Expansibility 

CEM-AC0-1350 1.20 ± 0.30 

CEM-AC49-1350 3.00 ± 0.10 

CEM-AC74-1350 3.20 ± 0.30 

CEM-AC0-1450 0.65 ± 0.23 

CEM-AC49-1450 0.95 ± 0.25 

CEM-AC74-1450 1.00 ± 0.20 

Normative Limit - NBR 11582 (ABNT, 1991) < 5.00 

Therefore, the use of ACW as a raw material in the production of Portland clinker is highly promising, 

allowing the utilization of a hazardous waste and increasing the reactivity of the mixture, resulting in an 

increase in alite content and, consequently, better mechanical performance of cements at early ages. 
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