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Abstract 
tudies have indicated that the use of electric arc furnace dust (EAFD) 

results in a delay in the hydration time of Portland cement. Calcium-rich 

waste such as lime kiln waste (LKW) is one of the techniques used to 

offset this delay as it accounts for the lack of this element in calcium 

silicate hydrate (C-S-H) production in the mixture. The objective of this study was 

to evaluate the influence of electric arc furnace dust (EAFD) and lime kiln waste 

(LKW) in the hydration process of Portland cement pastes and their influence in 

setting time and hydration heat. The methodology used required several steps: 

physiochemical and micro-structural characterization of waste samples; definition 

and production cement pastes with different levels of waste substitution and a 

reference paste and evaluation of the cement pastes with respect to setting time and 

hydration heat. Results showed that the substitution of 1% EAFD with or without 

LKW presented similar hydration heats as the reference paste. This indicated that 

EAFD+LKW substitution would not affect substantially the hydration reactions of 

cement and could allow waste recycling in construction materials. 

Keywords: Electric arc furnace dust. Lime kiln waste. Portland cement hydration. Portland 

cement pastes. 

Resumo 

Estudos realizados com o pó de forno elétrico a arco (PAE) indicam um retardo 
no tempo de hidratação do cimento Portland. A incorporação de resíduos ricos 
em cálcio, como a lama de carbonato de cálcio (LCC), é uma das formas de 
redução deste retardo, a fim de suprimir a deficiência deste elemento para a 
produção de C-S-H. Este estudo teve como objetivo avaliar a influência do uso do 
PAE, combinado ou não com o LCC no processo de hidratação de pastas de 
cimento em relação ao tempo de pega e calor de hidratação. A metodologia 
utilizada envolve a caracterização física, química e microestrutural das amostras 
de resíduos, a formulação e produção de pastas de cimento com diferentes teores 
de substituição de resíduose sem substituição (amostra de referência) e a 
avaliação das propriedades das pastas de cimento em relação ao tempo de pega e 
à evolução do calor de hidratação. Os resultados mostraram que a substituição de 
1% de PAE combinado ou não com LCC apresentaram um calor de hidratação 
semelhante à amostra referência, sugerindo que nessa quantidade, a incorporação 
de PAE+LCC não afetaria significativamente as reações de hidratação do 
cimento, possibilitando a reciclagem destes resíduos em materiais de construção. 

Palavras-chave: Pó de forno elétrico a arco. Lama de carbonato de cálcio. Hidratação 
do cimento Portland. Pasta de cimento Portland. 
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Introduction 

Steel production is an important economic activity that generates high levels of waste. In 2017, for each 

metric ton of raw steel produced in Brazil, 600 kg of waste and co-products were generated (INSTITUTO…, 

2018). Electric arc furnace dust (EAFD) is a waste generated in the fusion of scrap steel as heavy metals are 

volatilized, oxidized, later solidified and captured in specialized exhaust system cleaning dust filters 

(KAVOURAS et al., 2007; NIUBÓ et al., 2009; CARRANZA et al., 2016). This waste contains oxides from 

different metals such as Zn, Cd, Pb and Cr, which many countries recover through pyrolitic or 

hydrometallurgic processes (VARGAS; MASUERO; VILELA, 2004). The amount of EAFD generated for 

each metric ton of steel produced varies between 10 kg to 20 kg (STEGEMANN et al., 2000; MENAD et 

al., 2003). Around the world, it is estimated that 70% of EAFD is disposed in industrial landfills and 30% 

are processed for Zn recovery and other purposes (MASLEHUDDIN et al., 2011). In Brazil, most EAFD are 

disposed in industrial landfills (INSTITUTO…, 2018). 

Another important sector of Brazilian industry is paper and cellulose. In 2018, the Brazilian eucalyptus 

production averaged 36 m³/ha per year while the pinus production averaged 30 m³/ha. In the same time 

period, 52 million metric tons of related solid waste were produced, of which 70.9% originated from wood 

extraction and 29.1% originated from industrial activity (IBÁ, 2019). This waste includes dregs (CaCO3 and 

Na2CO3), grits (CaCO3 and CaO) and calcium carbonate lime kiln waste (LKW) which are of interest due to 

their potential applications in agriculture and construction (SIQUEIRA; HOLANDA, 2013; MODOLO et 

al., 2010). Part of LKW is discarded in the Kraft process used in industry. Most LKW is repurposed as raw 

material for calcium replacement and only becomes true waste when the replacement process is interrupted, 

which can occur in the following situations: 

(a) furnace maintenance; 

(b) excess production; or 

(c) high level of impurities in the LKW.  

In these cases LKW is not used in recovery techniques and is disposed adequately (WOLFF, 2008; 

MODOLO et al., 2014). 

The final destination of industrial waste is a rising concern for waste-generating companies as environmental 

and legal requirements are becoming more restrictive. In many European countries, higher taxes on the use 

of industrial landfills are applied as an incentive to the use of more economically viable solutions. This 

combination offers an opportunity in the development of new sustainable practices regarding waste and co-

products which can be used as raw materials for other distinct industrial activities (BURUBERRI; 

SEABRA; LABRINCHA, 2015; FISCHER; LEHENER; MCKINNON, 2011). 

The construction sector is a field with great potential for the reuse of recycled waste from other industry 

sectors due to its sheer volume of activity. Construction demands large quantities of raw materials which 

contain both material and energetic production costs, especially in the case of steel and cement. Thus, in this 

sector, there is a demand for research and assessment on the reuse and recycling of industrial waste.  

The use of EAFD in cement and concrete has already been studied. However, EAFD substitution has always 

been in limited quantities since the Zn content in EAFD tends to delay the initial setting time of cement, 

compromising its use as a construction material (AL-ZAID; AL-SUGAIR; AL-NEGHEIMISH, 1997; 

BREHM et al., 2017; VARGAS; MASUERO; VILELA, 2006; MASLEHUDDIN et al., 2011; 

CUBUKCUOGLU; OUKI, 2012; FARES et al., 2016; ARNOLD; VARGAS; BIANCHINI, 2017). Despite 

this caveat, according to Al-Zaid, Al-Sugair and Al-Negheimish (1997), when added in quantities of less 

than 1 wt%, ZnO presence in EAFD does not significantly affect setting time. On the other hand, Massarweh 

et al. (2020) notes that EAFD can be purposely used in cement to delay hydration time in lieu of commercial 

retardants, thus prolonging the lifetime of concrete. 

An alternative to curb the increase in the setting time is the further addition of Calcium-rich LKW in order to 

promote the production of calcium silicate hydrate (C-S-H) in the mixture (BREHM et al., 2017). In face of 

these facts, the present study was conducted to evaluate the influence of electric arc furnace dust (EAFD) 

and lime kiln waste (LKW) in the hydration process of Portland cement pastes and their influence in setting 

time and hydration heat. 
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Methodology 

The EAFD and LKW used in this studied are shown in Figure 1. Both wastes were obtained from local 

industries in the south of Brazil and samples were collected according to procedures listed in NBR 10007 

(ABNT, 2004). The EAFD originated from steel produced in a semi-integrated mill which was captured in 

dust sleeves from the exhaust of the electric arc furnace (EAF) as part of the emission control. The LKW 

was generated in the causticizing step of the chemical recovery process of a cellulose and paper mill. These 

wastes were not further treated before being added to the cement pastes tested.  

The cement used was a high early-strength type designated CPV-ARI which contains less than 10% 

carbonate filler addition according to NBR 16697 (ABNT, 2018c). Table 1 lists the physiochemical 

properties of CPV-ARI. 

Figure 1 – Sample of EAFD (A) and LKW (B) 

 

Table 1 – Physical and chemical characteristics of cement CPV-ARI 

Physical tests 

Specific surface area – nitrogen adsorption (Brunauer-Emmett-Teller - BET) (m²/g)* 1.20 

Granulometry by laser diffraction (µm)** 

D10: 4.42 

D50: 15.69 

D90: 37.55 

Dmean: 17.53 

Initial setting time (min)*** 157 

Final setting time (min)*** 194 

Fineness index 75 µm (wt%)*** 0.46 

Fineness index 45 µm (wt%)*** 3.07 

Normal consistency (%)*** 28.4 

Compressive strength 1 day (MPa)*** 22.4 

Compressive strength 3 days (MPa)*** 37.7 

Compressive strength 7 days (MPa)*** 43 

Compressive strength 28 days (MPa)*** 51.2 

Chemical tests (wt%) 

Aluminum oxide – Al2O3*** 4.35 

Silicon oxide – SiO2*** 18.91 

Iron oxide – Fe2O3*** 2.69 

Calcium oxide – CaO*** 60.59 

Magnesium oxide – MgO*** 4.74 

Sulfur trioxide – SO3*** 2.86 

Free calcium oxide – CaO free*** 0.94 

Loss on ignition*** 2.89 

Insoluble residue*** 0.72 

Alkaline equivalent*** 0.62 

Note: *analysis performed by the authors - Micromeritics, TriStar II Plus, Vacuum-degassed (200 ºC) for 24 hours, 20 
adsorption points were analyzed.**analysis performed by the authors - Particle Analyzer Microtrac - S3500, the wet 
analysis was conducted using isopropyl alcohol as solvent, one drop of surfactant at 50% and ultrasound time of 
approximately 10s. The refractive index used for samples was 1.52. D10, D50, D90 and Dmean: diameter of particles in 10%, 
50%, 90% and mean of the retained fraction.***source: Companhia Cimento Itambé (2015). 
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The stages and methodologies applied in the study are shown in Table 2. Stage 1 determined the 

physiochemical and micro-structural characteristics of both wastes. Stage 2 formulated the cement pastes to 

be tested, starting from a baseline reference without substitution (REF) to varying levels of weight (wt%) 

substitution of pure EAFD and EAFD + LKW. Stage 3 analyzed the cement pastes formulated in Stage 2 

with regards to setting time and hydration heat time evolution. 

In Stage 1, samples were prepared with specific techniques for each step (Table 2). 

In Stage 2, cement pastes were formulated with a stoichiometric quantity of LKW. The quantity of Ca 

needed was enough to form calcium zincate (CaZn2(OH)62H2O) according to Equation 1: 

2 Zn (OH)2 + 2OH
-
 + Ca

2+
 + 2 H2O             Ca Zn2 (OH)6 . 2H2O           Eq. 1 

Table 2– Stages and methodologies applied in the study 

 Objective Test Unit Standard/Equipment/Parameters/Software 

S
ta

g
e 

1
 

EAFD, LKW 

characteriz- 

ation 

Granulometry by laser 

diffraction 
µm 

Samples were pre-dried in an oven at 105 ± 5 ºC for 4 hours. 

Equipment: Particle Analyzer Microtrac - S3500. 

The wet analysis was conducted using isopropyl alcohol 

(LKW) and water (EAFD) as solvent, one drop of surfactant at 

25% (EAFD), 50% (LKW) and ultrasound time of 

approximately 10s. The refractive index used for samples was 

1.52 (LKW) and 1.81 (EAFD). 

Moisture % 
Samples were dried in an oven at 105 ± 5 ºC. 

Equipment: Bel. 

Loss on ignition % 

Samples were pre-dried in an oven at 105 ± 5 ºC for 4 hours 

and subjected to temperatures between 525 ºC and 950 ºC in a 

laboratory kiln. Mass loss was measured in both processes. 

Standard: CEMP 120 (ABIFA, 2003). 

Specific mass g/cm³ 
Samples were pre-dried in an oven at 105 ± 5 ºC for 4 hours. 

Equipment: Pycnometer Micromeritics, AccuPyc II 1340. 

Specific surface area - 

nitrogen adsorption 

(Brunauer-Emmett-

Teller - BET) 

(m²/g

) 

Samples were pre-dried in an oven at 105 ± 5 ºC for 4 hours. 

Equipment: Micromeritics, TriStar II Plus. 

Vacuum-degassed (350 ºC - EAFD and 200 ºC - LKW) for 24 

hours. For each sample, 20 adsorption points were analyzed. 

Optical emission 

spectrometry by 

Inductively Coupled 

Plasma (ICP-OES) - 

Elementary Chemical 

Composition 

% 

Samples were broken down by microwave equipment 

following EPA Method 3015a (EPA, 2007) with either nitric 

acid (HNO3) or a combination of nitric acid (HNO3) and 

hydrochloric acid (HCl). 

Equipment: Microwave Titan MPS, Perkin Elmer 

X-ray Diffraction 

(XRD) 
% 

Samples were pre-dried in an oven at 105 ± 5 ºC for 4 hours 

and ground in an agate mortar and pestle to yield grains with a 

granulometry of less than 44 μm. 

Equipment: Diffractometer PANalytical, Empyrean, with fixed 

anode tube of Cu, operating at 45 kV and 40 mA. 

Ranges: 10º to 90º 2θ for LKW and 10º to 70º 2θ for EAFD, 

step 0.013º 2θ at 51.5s (detector in linear mode). 

Without monochromator and with fixed slots: divergent slot: 

1/4°; incident anti-scatter crack: 1°; mask: 20 mm, diffracted 

anti-scatter crack: 17.8 mm, angular range collected by linear 

detector: 6.34°. 

Method of Rietveld % Software MAUD (Material Analysis Using Diffraction). 

S
ta

-

g
e 

2
 

Cement pastes’ 

formulation 
Normal consistency % Standard: NBR 16606 (ABNT, 2018a). 

S
ta

g
e 

3
 Evaluation of 

the properties 

of cement 

pastes 

Setting time Min 
Standard: Vicat apparatus following NBR 16607 procedures 

(ABNT, 2018b). 

Evolution of semi-

adiabatic temperature 
ºC Equipment: Chamber with semi-adiabatic thermal insulation.  

X-ray Diffraction 

(XRD) 
% 

Equipment: Diffractometer PANalytical, Empyrean, with fixed 

anode tube of Cu, operating at 45 kV and 40 mA. Ranges: 10º 

a 70º 2θ step. 

Rietveld Method % Software MAUD (Material Analysis Using Diffraction). 
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Based on the chemical composition data of Table 4, LKW levels to be added were determined as 0.11g of 

LKW with 51.66 wt% of Ca for each 1g of EAFD containing 24.16 wt% of Zn. The water/cement ratio (w/c) 

used in setting time and semi-adiabatic temperature tests were in accordance with NBR 16006 (ABNT, 

2018a) to yield a cement paste of normal consistency. Cement pastes were prepared in cylindrical molds of 

16 mm x 32 mm made from rigid, non-absorbing material and aged in a humidity-controlled chamber for 1 

day, 4 days and 7 days. After demolding, cement pastes were immersed in isopropyl alcohol for 24h to stop 

hydration and kept in an oven at 60 ºC until tested. Table 3 shows the different compositions of cement 

pastes tested. 

In Stage 3, hydration heating was monitored in a semi-adiabatic, thermally-insulated chamber. Cement 

pastes were placed in aluminum cans (300 mL, 400 g ± 10 g) with K-type thermocouples inserted in their 

center and connected to a Pico Log data acquisition system. For each measurement, 6 pastes were monitored 

simultaneously. Pastes REF, 1EA, 1EA-LK, 10EA and 10EA-LK aged 1day, 4 days and 7 days were also 

subjected to Rietveld refinement to determine the phases formed for each time period. 

Results and discussion 

Physiochemical characterization of EAFD and LKW waste 

Detailed chemical composition results for EAFD and LKW obtained from ICP - OES is shown in Table 4. 

EAFD was found to contain mostly Fe (31.30 wt%) and Zn (24.06 wt%) with a Ca quantity of 1.82 wt%. 

Results also showed the presence of Cd, Pb and Cr in mass fractions of 0.01%, 0.98% and 0.29%, 

respectively. EAFD moisture content was measured as 1.63% at 105 °C while total loss on ignition from 

both temperatures (550 
o
C and 950 

o
C) from a dry base was of 6.90 wt%. LKW was found to contain more 

than 50% mass fraction of Ca (51.66 wt%) followed by a small presence of Na (0.89 wt%). Other elements 

were present in mass fractions of less than 0.5 wt% such as Si (0.31 wt%), Mg (0.27 wt%) and Al (0.13 

wt%). LKW is composed mainly from calcium carbonate (CaCO3), small quantities of magnesium carbonate 

(MgCO3) and other trace minerals (MODOLO et al., 2014). LKW moisture content at 105 °C was of 2.85% 

while dry base loss on ignition at 550 
o
C and 950 

o
C were 12.65 wt% and 13.81 wt%, respectively, for a 

total of 24.46 wt%. This may be the result of Portlandite dehydroxylation (Ca(OH)2) which occurs at 

temperatures between 450 
o
C and 550 

o
C and calcite (CaCO3) decomposition which occurs at temperatures 

between 700 
o
C and 900 

o
C (ALARCON-RUIZ et al., 2005). 

The granulometric distributions shown in Figure 2 demonstrate considerable variations of mean particle 

sizes of EAFD, LKW and cement: 0.69 µm, 29.06 µm and 17.53 µm, respectively. The meanparticle size 

can affect cement in various ways: porosity, packing, hydration rate and water consumption (AIQIN; 

CHENGZHI; NINGSHENG, 1999; KNOP; PELED, 2016). In this case, since EAFD had a mean particle 

size smaller than cement while LKW presented the opposite, there was an increase in granulometric 

distribution that could positively affect packing and decrease porosity and water consumption.  

Table 3 – Composition of Portland cement pastes 

Paste Cement (wt%) EAFD (wt%) LKW (wt%) w/c ratio 

REF 100 - - 1:0.29 

1EA-LK 98.94 1 0.06 1:0.29 

2EA-LK 97.86 2 0.14 1:0.30 

3EA-LK 96.80 3 0.2 1:0.30 

5EA-LK 94.66 5 0.34 1:0.29 

10EA-LK 89.32 10 0.68 1:0.30 

1EA 99.00 1 - 1:0.29 

2EA 98.00 2 - 1:0.30 

3EA 97.00 3 - 1:0.30 

5EA 95.00 5 - 1:0.29 

10EA 90.00 10 - 1:0.30 
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Table 4 – EAFD and LKW elementary chemical composition 

Element EAFD (wt%) LKW (wt%) 

Fe 31.30 0.07 

Zn 24.06 0.15 

Ca 1.82 51.66 

Cl 2.60 0.14 

Na 1.21 0.89 

Mn 1.71 0.00 

Mg 1.17 0.27 

K 0.99 0.03 

Pb 0.98 0.0014 

Cd 0.01 <0.0002 

S 0.42 0.09 

Al 0.38 0.13 

Si 0.10 0.31 

Cr 0.29 <0.0008 

Cu 0.24 0.00 

Sr 0.01 0.21 

P <0.00001 0.13 

Ti 0.05 0.01 

Ni 0.03 <0.0009 

Sn 0.03 <0.001 

Mo 0.01 <0.0003 

Co 0.00 <0.0001 

Moisture content at 105 
o
C (%) 1.63 2.85 

Loss on ignition at 550 
o
C (%) 2.78 12.65 

Loss on ignition at 950 
o
C (%) 4.21 13.81 

Figure 2 – Granulometric distribution of cement, EAFD and LKW 

 
Note: D10, D50, D90 and Dmean: diameter of particles in 10%, 50%, 90% and mean of the retained fraction. 

Table 5 shows the results for specific mass and surface area for cement, EAFD and LKW. EAFD had a 

higher specific mass (4.21 g/cm
3
) while LKW had the smallest (2.37 g/cm

3
). Measured specific mass for 

EAFD was similar to the result of 4.44 g/cm
3
 obtained by Brehm et al. (2017). This suggested that adding 

EAFD increased the specific mass of the resulting cement while LKW had the opposite effect. EAFD 

presented a larger surface area (3.75 m²/g), followed by LKW (1.26 m²/g) and cement (1.20 m²/g). LKW, 
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despite having a larger surface area than cement, also had a larger particle size which was believed to be 

related to its porosity. Other studies noted that surface area affects cement reactivity and physio-mechanical 

properties such as rheology, hydration kinetics and resistance (MANTELLATO; PALACIOS; FLATT, 

2015). 

Micro-structural characterization of EAFD and LKW waste  

Figures 3 and 4 and Tables 6 and 7 present the characterization of the main crystalline compounds in EFAD 

and LKW based on phases quantified by Rietveld refinement.  

The EAFD diffractogram shown in Figure 3 shows a superposition of peaks between the desired phases. 

Rietveld refinement detected the presence of 9 crystalline phases, confirming the results of Brehm et al. 

(2017), Machado et al. (2006) and Bruckard et al. (2005). The phases detected were ZnFe2O4, Fe3O4, ZnO, 

CaFe2O4, Mg(Fe2O4), SiO2, KCl, MgO and Mn3O4, which are also shown in Table 6.  

Tables 6 and 7 contain the Rw, Rexp and GOF Rietveld refinement factors. It is noted that according to Toby 

(2006), a condition of Rw
2
/Rexp

2
< 4 indicated good refinement. Table 6 shows that EAFD contained mostly 

ZnFe2O4 (17.86 wt%), Fe3O4 (16.48 wt%) and ZnO (16.22 wt%) phases. This was not surprising since Fe 

and Zn are the predominant elements present in EAFD as seen in Table 4. One phase containing Ca 

(CaFe2O4) with 13.3 wt% can be identified from peak superposition in Figure 3. Brehm et al. (2017), 

Vargas, Masuero and Vilela (2006) and Machado et al.(2006) also identified phases containing Ca but in a 

different stoichiometric ratio (Ca0,15Fe2,82O4). Magnesium was identified in phases Mg(Fe2O4) and MgO 

with 12.26 wt% and 7.05 wt%, respectively. This was in agreement with Table 4, which showed 1.17 wt% 

of Mg in EAFD. Silicon dioxide, present in 7.82 wt%, was identified in 2θ positions in unique, 

superimposed peaks confirming the presence of Si in EAFD. 

Table 5 – Specific mass and specific surface area 

Paste 
Especific mass 

(g/cm
3
) 

Specific surface area 

(m
2
/g) 

EAFD 4.21 3.75 

Cement 3.06 1.20 

LKW 2.37 1.26 

Figure 3 – Diffractogram with phase quantification by the Rietveld method of the EAFD sample 

 
 



Ambiente Construído, Porto Alegre, v. 20, n. 4, p. 225-241, out./dez. 2020. 

 

Metz, J. C.; Maciel, E. F.; Garbin, M.; Modolo, R. C. E.; Moraes, C. A. M.; Gomes, L. B.; Brehm, F. A. 232 

Table 6 – Quantification of the phases present in the EAFD sample 

Phases Crystallographic sheets wt% 

ZnFe2O4 ICSD: 75097 17.86 

Fe3O4 COD: 1010369 16.48 

ZnO ICSD: 31052 16.22 

CaFe2O4 ICSD: 158770 13.33 

Mg(Fe2O4) ICSD: 152467 12.26 

SiO2 COD: 5000035 7.84 

KCl ICSD: 165593 7.43 

MgO COD: 9000500 7.05 

Mn3O4 ICSD: 30005 1.5 

Rw= 2.81; Rexp= 2.52; GOF= 1.11 

Note: ICSD: Inorganic Crystal Structure Database; COD: Crystallography Open Database;Rw: weighted profile index; Rexp: 
expected profile index; and GOF: goodness-of-fit. 

Figure 4 identifies five crystalline phases in LKW: Ca(OH)2, CaCO3, SiO2, Mg(CO)33H2O and Ca2Fe2O5 

which are further shown in Table 7. It can be seen in Table 7 that phases containing Ca in the form of 

Ca(OH)2 (59.18 wt%) and CaCO3 (18.97 wt%) are predonimant in LKW. This result was in agreement with 

Table 4 in which Ca represents 51.66 wt% of LKW and the losses on ignition at 550 
o
C and 950 

o
C 

corresponded to the dihydroxylation of Ca(OH)2 and decomposition of CaCO3, respectively. Surprisingly, 

Table 7 shows a lack of CaO in LKW. LKW is formed when the lime furnace operation is interrupted and 

CaCO3 breaks down into CaO and CO2 through the causticizing process. Consequently, some CaO was 

expected to remain in the sample. However, material used in this study was not collected immediately after 

being generated; rather LKW was kept exposed to the weather in an open-air storage area from which 

samples were taken at a later time. Under these conditions, CaO reacts with water and CO2 to form Ca(OH)2 

and CaCO3. Silicon dioxide accounted for 15.61 wt% and was identified in 2θ positions in isolated and 

superimposed peaks. The presence of SiO2 in the LKW sample could also be attributed to exposure to 

elements caused by storage conditions. 

Setting times and semi-adiabatic temperature results  

Figure 5 displays the average initial and final setting time for each cement paste type and their 

corresponding final setting time deviation. Results allowed the determination of the effect of EAFD 

substitution in curbing initial setting time delay. Overall, there seemed to be an increase in setting time with 

increasing EAFD ratio (AL-ZAID; AL-SUGAIR; AL-NEGHEIMISH,1997; VARGAS; MASUERO; 

VILELA, 2006; FARES et al., 2016; BREHM et al., 2017). The REF paste presented a final setting time of 

3h 26min (marked as a red line in Figure 5) which was consistent with the reference value for CPV-ARI 

cement of 3h 14min, shown in Table 1. Paste 1EA-LK, with the lowest LKW substitution, resulted in a final 

setting time of 4h 02min – an increase of 17.5% with respect to the REF value. Paste 1EA-LK also presented 

the shortest setting time amongst all substitute cement pastes tested. In comparison, paste 1EA which did not 

contain LKW presented an increase in setting time of 1h 21m, which corresponded to a 39% increase with 

respect to the REF value. 

Regarding initial setting time, Figure 5 shows a variation between the shortest time of 1h 33min (2EA) and 

the longest time of 5h 07min (5EA-LK). In general, the addition of EAFD resulted in a reduction in initial 

setting time when compared to REF. Although for paste 2EA, this reduction was excessive (over 1h shorter 

than REF). However, even if paste 2EA did not present the same trend as the others, the result was within 

the stipulated cement setting time (≥ 60 min) in NBR 16697 (ABNT, 2018c). Cement pastes with EAFD and 

LKW had initial setting times longer than REF and consequently also longer than any equivalent paste with 

EAFD substitution only. The increase in setting time caused by LKW substitution may be desirable when 

longer application times are needed. 

Further addition of LKW had the opposite effect and caused an increase in setting time. The time increase 

could be related to the level of calcium zincate formed according to the quantity of LKW added. Paste 5EA 

remained within the required 10h to 12h technical time frame suitable for application of cement listed in 

NBR 16697 (ABNT, 2018c) even if the final setting time was 6h 43min longer than REF. Pastes 5EA-LK, 

10EA and 10EA-LK had setting times of 17h 40min, 19h 46 min and 23h 06min, respectively, which 

exceeded the limit stipulated by NBR 16697 (ABNT, 2018c). 
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Figure 4 – Diffractogram with quantification of phases by the Rietveld Method of the LKW sample 

 

Table 7 – Quantification of the phases present in the LKW sample 

Phases Crystallographic sheets wt% 

Ca(OH)2 ICSD: 15471 59.18 

CaCO3 ICSD: 18164 18.97 

SiO2 COD: 5000035 15.61 

Mg(CO)33H2O ICSD: 91710 5.27 

Ca2Fe2O5 ICSD: 14296 0.93 

Rw: 8.09; Rexp: 4.19; GOF: 1.92 

Note: ICSD: Inorganic Crystal Structure Database; COD: Crystallography Open Database;Rw: weighted profile index; Rexp: 
expected profile index; and GOF: goodness-of-fit. 

Figure 5 – Results of cement pastes: initial, final setting time and final setting time of REF paste (red 
line) 
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Overall, measured setting times were similar to results obtained from other references even though the Zn 

content of 24.06 wt% in EAFD was higher than others studies conducted in Brazil (ARNOLD; VARGAS, 

2015; MACHADO et al., 2006; SILVA, 2006; BREHM et al., 2001; DUTRA; PAIVA; TAVARES, 2006; 

MARQUES SOBRINHO, 2012; MARTINS; REIS NETO; CUNHA, 2008). 

Figure 6 shows semi-adiabatic temperature time-evolution of the cement pastes. Higher EAFD substitution 

had the direct effect of shifting temperature curves towards longer time periods. Comparison of the pastes 

with EAFD + LKW (EA-LK) and those without LKW (EA) showed that there was no uniform shift in the 

time curves with this regard. For example, a noticeable shift was present between samples 3EA-LK and 3EA 

with the temperature rise or acceleration of the 3EA sample starting earlier than 3EA-LK but the shape of 

the curves and peak temperatures remained similar.  

According to Mehta and Monteiro (2014), setting time develops in the temperature rise or acceleration 

period. Pastes 10EA-LK and 10EA had the largest time shift compared to the other pastes. Paste 10EA 

presented earlier temperature acceleration than paste 10EA-LK and clearly attained a higher peak 

temperature. Overall, pastes without LKW (EA) had earlier temperature acceleration, indicating that the 

addition of LKW and EAFD at these levels delayed initial setting time. Effect on acceleration periods itself 

varied: pastes REF, 1EA-LK, 1EA, 2EA-LK and 2EA had similar acceleration periods of 4h but once EAFD 

substitution reached 3 wt% and higher, acceleration time increased to 5h 37min (5EA-LK) and 8h 20min 

(10EA). Peak temperature remained close to 100 ºC for pastes REF, 1EA-LK, 1EA, 2EA-LK and 2EA but 

once EAFD substitution reached 3 wt% and higher, peak temperatures dropped considerably with the lowest 

peak of 51.9 ºC for paste 10EA-LK. 

Figure 7 shows more closely the semi-adiabatic temperature time-evolution of pastes REF, 1EA-LK and 

1EA. Peak temperatures for the pastes were achieved in 9h, 8h 50min and 8h 40min, respectively. 

Temperature evolution curves between pastes 1EA-LK and 1EA were similar to REF with regards to 

acceleration and deceleration times. These trends agreed with results from Vargas, Masuero and Vilela 

(2006) which studied hydration heat in semi-adiabatic recipients for Portland cement II-Z 32 with 0, 5, 15 

and 25 wt% EFAD substitution. They also reported the time increase effect and peak temperature decrease 

with increasing levels of EAFD. For their study, the peak acceleration times were observed at 10h (0 wt%), 

22h (5 wt%), 46h (15 wt%) e 78h (25 wt%). 

Figure 6 – Time-evolution of semi-adiabatic temperature results on cement pastes 
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Figure 7 – Evolution of semi-adiabatic temperature for REF, 1EA-LK and 1EA cement pastes 

 

Figures 6 and 7 demonstrate that semi-adiabatic temperature evolution times were longer than setting times. 

Final setting time for REF was 3h 26min while the temperature-based corresponding hardening time was 

longer than 9h. For paste 10EA-LK, final setting time was measured as 23h 06min but the temperature-

based hardening time was of around 50h. Vargas, Masuero and Vilela (2006) observed similar time 

differences in tests conducted under ABNT guidelines to measure setting time and hydration enthalpy to 

obtain the temperature time-evolution of the hydration process. Similar results were also reported by Fares et 

al. (2016) with an automated Vicat apparatus for the same properties measured by Vargas, Masuero and 

Vilela (2006). Vargas (2002) did not obtain coherent setting time results for EAFD substitution using a Vicat 

apparatus and opted instead to use hydration heat tests to determine setting times. Results from Vargas 

(2002) were not in agreement with trends observed in this study, which measured paste 2EA with a shorter 

setting time than REF and paste 5EA-LK with a longer setting time than paste 5EA. The variation between 

studies could be attributed to the testing procedures defined in NBR 16607 (ABNT, 2018b) which gives rise 

to uncertainties depending to the technique chosen to measure setting time. For this reason, this study also 

measured semi-adiabatic temperature evolution as a comparison tool. 

Phase detection by X-ray Diffraction (XRD) and Rietveld refinement 

The phases detected in the pastes were identified by X-ray Diffraction (XRD) and complemented with 

Rietveld refinement. Table 8 shows the phases detected for pastes REF, EA and EA-LK aged 1 day, 4 days 

and 7 days. Results were presented through a detection scale: “nd” for no detection, “*” for less than 5 wt%, 

“**” for between 5 wt% - 30 wt% and “***” for more than 30 wt%. This was chosen because percentages 

measured in this study presented variations different than reference works, which suggested the need to 

improve data acquisition and analysis techniques. Thus, the chosen scale was selected in order to better 

visualize trends and relate the present results to the ones obtained in other studies. Besides the common 

phases identified for anhydrous and hydrated cement, the pastes of this study had common compounds 

present in EAFD such as ZnFe2O4, ZnO e Fe3O4. Paste REF presented the same phases after 1 day and 4 

days but CaCO3 was no longer detected after 7 days. The characteristic peaks of each phase were 

superimposed except for phases Ca(OH)2 at position 17.89° 2θ and CaCO3 at position 29.41° 2θ. Phases 

characteristic of hydrated and anhydrous cement (Ca3SiO5, Ca(OH)2, Ca2(SiO3)(OH)2 and 

Ca6Al2(OH)12(SO4)326H2O) were identified in paste REF for all 3 ages tested. Phases with mass exceeding 

30 wt% were Ca(OH)2 (aged 1 day, 4 day and 7 days) and Ca3SiO5 (aged 7 days) but phases CaSO42H2O 

and Ca2SiO4 present in anhydrous cement were not detected. Phases detected in quantities under 5 wt% were 

CaO, Al2O33CaO, Ca2(SiO3) (OH)2, Ca6Al2(OH)12(SO4)326H2O and SiO2 (aged 1 day, 4 days and 7 days), 
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Ca2(FeAl)O5 and Ca3Si2O7 (aged 4 days and 7 days), MgO (aged 1day and 7 days) and CaCO3 (aged 4 

days). Detection of CaCO3 could be attributed to carbonate filler added to Portland cement CPV – ARI 

which, under NBR 16697(ABNT, 2018c), can contain up to 10% of mineral additives. In EA pastes, a 

reduction in the number of phases was observed with hydration. Phases CaSO40, 5H2O, SiO2, Al2SiO5 and 

K2Mg2(SO4)3 were not detected after 4 days and phases Ca6Al2(OH)12(SO4)326H2O and CaSO42H2O were 

not detected after 7 days. On the other hand, EA-LK pastes had an increase in the number of phases with 

hydration. Phases CaCO3, ZnO and Ca6Al2(OH)12(SO4)326H2O were detected after 4 days and 7 days. In 

particular, Ca6Al2(OH)12(SO4)326H2O formed at the initial stages of hydration and was a characteristic of the 

acceleration period (MEHTA; MONTEIRO, 2014; QUARCIONI, 2008; BULLARD et al., 2011; RIDI et 

al., 2011; HU; GE; WANG, 2014). The lack of this compound after 1 day suggested a lack of hydration 

effect which was in agreement with the similarity of semi-adiabatic temperature curves between REF, 1EA 

and 1EA-LK. However, for paste 1EA, Ca6Al2(OH)12(SO4)326H2O was detected after 1 day and 4 days but 

not after 7 days. Since the amount of LKW added was low (around 0,06 wt%), this was unlikely to be 

associated with waste addition. 

With regards to compounds present from EAFD substitution, Table 8 shows that phases for ZnFe2O4 were 

less than 5 wt% for paste 1EA-LK after 1 day and 7 days and less than 5 wt% for 1EA after 1 day, 4 days 

and 7 days. Quantities of ZnO were also detected at less than 5 wt% after 4 days and 7 days. In contrast, 

Fe3O4 with quantities between 5 wt% and 30 wt% was detected only for paste 1EA-LK at 4 days. Also, no 

calcium zincate (CaZn2(OH)62H2O) was detected in both EA-LK and EA pastes which had less than 1 wt% 

of EAFD substitution. The ICP analysis of Table 4 shows a 24.06 wt% of Zn in EAFD so the resulting Zn 

content in cement was approximately 0.24 wt%. Mellado et al. (2013) evaluated the effect of 0.1 wt% of Zn 

in a C3S sample with 28 days of curing time. Results showed that the cement paste presented traces of 

CaZn2(OH)6.2H2O e Ca(OH)2 with low-intensity peaks. In comparison, the present study, with 1 wt% of Zn 

and the same curing time, detected no Ca(OH)2 and only traces of CaZn2(OH)6.2H2. Consequently, the lack 

of calcium zincate in pastes 1EA-LK and 1EA could be related to their self-similarity of semi-adiabatic 

temperature time-evolution and their similarity to REF. 

Table 8 – Detected phases in cement pastes by the Rietveld Method 

Phases 
Crystallographic 

sheets 

REF 1EA-LK 1EA 10EA-LK 10EA 

1 

day 

4 

days 

7 

days 

1 

day 

4 

days 

7 

days 

1 

day 

4 

days 

7 

days 

4 

days 

7 

days 

4 

days 

7 

days 

Ca(OH)2 ICSD: 15471 *** *** *** ** ** *** *** *** *** ** ** ** ** 

CaCO3 ICSD: 18164 ** * nd Nd * * * ** * * * * * 

CaO  ICSD: 51409 * * * Nd nd nd Nd nd nd nd nd nd nd 

Ca2SiO4 COD: 9012792 nd nd nd * ** * ** * ** ** ** ** ** 

Ca3SiO5 COD: 9015421 ** ** *** *** ** *** *** *** ** *** ** *** * 

Ca3Si2O7 COD: 9012094 ** * * nd nd nd Nd nd nd nd nd nd nd 

Al2O3 3CaO ICSD: 151369 * * * nd nd nd Nd nd nd nd nd nd nd 

Ca2(SiO3)(OH)2 ICSD: 80127 * * * * * * nd * ** * ** * *** 

CaZn2(OH)62H2O ICSD: 50178 nd nd nd nd nd nd nd nd nd * * ** ** 

ZnFe2O4 ICSD: 75097 nd nd nd * nd * * * * * * ** ** 

ZnO ICSD: 31052 nd nd nd nd * * nd nd nd * ** * * 

Fe3O4 COD: 1010369 nd nd nd nd ** nd nd nd nd * ** * * 

Ca2Fe2O5 ICSD: 14296 nd nd nd nd nd nd nd nd nd * * * * 

Ca2(FeAl)O5 ICSD: 9197 ** * * ** * ** ** ** ** nd nd nd nd 

Ca6Al2(OH)12 

(SO4)326H2O ICSD: 155395 
* * * nd * * * * nd * nd * * 

CaSO42H2O ICSD: 2058 nd nd nd * nd * * * nd nd nd nd nd 

CaSO40,5H2O ICSD: 69060 nd nd nd nd nd nd * nd nd nd nd nd nd 

MgO COD: 9000500 * ** * * ** ** * ** * * ** * ** 

SiO2 COD: 5000035 * * * * nd * * nd nd * * * * 

CaAl2O4 ICSD: 157457 nd nd nd nd nd nd nd * * nd nd nd nd 

Al2SiO5 ICSD: 30679 nd nd nd nd nd nd * nd nd nd nd nd nd 

K2SO4 ICSD: 2408 nd nd nd * * * * * * nd nd nd nd 

K2Mg2(SO4)3 ICSD: 100420 nd nd nd * nd * * nd * nd nd nd nd 

CaMgSi2O6 ICSD: 5205 nd nd nd nd nd nd nd nd nd * * ** * 

Rw   5.54 5.91 4.7 4.36 6.37 4.6 5.54 5.59 4.82 5.32 4.55 4.02 5.89 

Rexp   3.93 3.84 3.87 3.63 3.75 3.74 3.91 3.77 3.93 3.48 3.69 3.73 3.61 

GOF   1.4 1.53 1.21 1.2 1.69 1.23 1.41 1.48 1.22 1.52 1.23 1.07 1.63 

Note: * = mass < 5 wt%; ** = mass between 5 wt% and 30 wt%; *** = mass >30 wt%; nd: not detected; "ICSD = Inorganic 
Crystal Structure Database; COD = Crystallography Open Database; Rw: = weighted profile index; Rexp: = expected profile 
index; and GOF = goodness-of-fit." 
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According to Mellado et al. (2013) and Weeks, Hand and Sharp (2008), Ca(OH)2 is formed late, towards the 

end of the initial ages in pastes containing Zn due to calcium zincate generation. Calcium hydroxide was 

detected with over 30 wt% in pastes 1EA-LK after 7 days and 1EA at all ages, which was similar to REF. 

With regards to Ca2(SiO3)(OH)2 REF and paste 1EA-LK  detected less than 5 wt% at all ages but paste 1EA 

had no detection after 1 day, less than 5 wt% after 4 days and between 5 wt% to 30 wt% after 7 days. EAFD 

substitution in 1EA-LK and 1EA pastes reduced the quantity of hydration compounds (Ca(OH)2, 

Ca2(SiO3)(OH)2 eCa6Al2(OH)12(SO4)326H2O) but with no significant effect on semi-adiabatic temperature 

when compared to  REF. 

For pastes 10EA-LK and 10EA, the low number of peaks after 1 day did not allow for Rietveld refinement. 

However paste 10EA-LK after 4 days and paste 10EA after 4 days and 7 days presented 14 phases: 

Ca(OH)2, CaCO3, Ca2SiO4, Ca6Al2(OH)12(SO4)326H2O, Ca3SiO5, Ca2(SiO3)(OH)2, CaZn2(OH)62H2O, 

ZnFe2O4, ZnO, Fe3O4, Ca2Fe2O5, MgO, SiO2 and CaMgSi2O6. This suggested that after only 1 day, many 

peaks were superimposed so that clear phase identification was not possible. The phases detected due to 

EAFD substitution in pastes 10EA-LK and 10EA were the same as pastes 1EA-LK and 1EA but in larger 

quantities. This was not surprising since EAFD content in pastes 10EA-LK and 10EA was 10 wt%. Phase 

ZnFe2O4 was detected with less than 5 wt% in paste 10EA-LK and between 5 wt% and 30 wt% for paste 

10EA. Phases ZnO and Fe3O4 were detected with less than 5 wt% in paste 10EA-LK after 4 days and 

between 5 wt% and 30 wt% after 7 days while paste 10EA remained at less than 5 wt% after 4 days and 7 

days. Vargas, Masuero and Vilela (2006) also detected ZnFe2O4 and Fe3O4 in cement pastes with 5 wt%, 15 

wt% and 25 wt% of EAFD (13.3 wt% of Zn) at 7 days and 28 days but did not detect ZnO. Consequently, 

the presence of ZnO in this study could also be attributed to the Zn content of the EAFD used, which was 

much higher (24.06 wt%). With regards to calcium zincate (CaZn2(OH)62H2O), pastes 10EA-LK and 10EA 

had different results: less than 5 wt% for paste 10EA-LK and between 5 wt% and 30 wt% for paste 10EA 

after the same 4 days and 7 days. Calcium zincate presence is associated with the Zn content in cement, as 

reported by Brehm et al. (2017), Vargas, Masuero and Vilela (2006) and Mellado et al. (2013). The presence 

of calcium zincate in pastes 10EA-LK and 10EA and its lack-off in pastes 1EA-LK and 1EA could be 

considered as one of the factors that resulted in different semi-adiabatic temperature curves of Figure 5. As 

in REF and pastes 1EA-LK and 1EA, phase Ca(OH)2 was also detected in pastes 10EA-LK and 10EA but in 

smaller amounts. According to Mellado et al. (2013), cement pastes with high levels of EAFD substitution 

had more phases containing Zn and lower quantities of Ca(OH)2, which suggested an inhibiting effect of Zn 

in Ca(OH)2 formation and cement hydration. Phase Ca2(SiO3)(OH)2 was also detected in pastes 10EA-LK 

and 10EA in quantities superior to other pastes. This is contradictory in the sense that, due to the high level 

of EAFD substitution and its effect in delaying initial setting time, less Ca2(SiO3)(OH)2 was expected. 

Contrary to this, over 30 wt% was detected in paste 10EA after 7 days along with elevated diffraction peak 

superposition, which points to a possible sampling issue. 

Conclusions 

(a) results from EAFD phase detection by XRD indicated a polycrystalline waste predominantly with 

ZnFe2O4, ZnO, Fe3O4 and CaFe2O4. In contrast, LKW characterization showed polycrystalline waste with 

predominant Ca(OH)2 and CaCO3 phases; 

(b) there was a direct relation between increasing levels of EAFD substitution and increasing final setting 

time for cement pastes. Pastes samples with the least amount of EAFD subsitution (1EA-LK, 1EA, 2EA-LK, 

2EA, 3EA-LK, 3EA and 5EA-LK) had the least change in setting time according to what is stipulated for 

cement by NBR 16697 (ABNT, 2018c); 

(c) pastes 1EA-LK e 1EA contained phases common to EAFD (ZnFe2O4, ZnO and Fe3O4) as well as those 

from cement hydration (Ca(OH)2, Ca2(SiO3)(OH)2 and Ca6Al2(OH)12(SO4)326H2O); 

(d) calcium zincate (CaZn2(OH)62H2O) was not identified in pastes 1EA-LK and 1EA and was only present 

in pastes 10EA-LK and 10 EA. This indicated that part of calcium ion (Ca
2+

) was being formed in this 

phase; 

(e) semi-adiabatic temperature evolution confirmed the trend of increase in setting time delay with 

increasing waste substitution. Pastes 1EA-LK and 1EA presented evolution curves similar to REF; 

(f) peak temperature reductions were observed in semi-adiabatic temperature evolutions for EAFD 

substitution of 3 wt% and higher (paste 3EA). This result suggested that EAFD could be used in situations in 

which reductions in cement hydration heat are desired, such as large foundation blocks or dams; and 
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(g) pastes 1EA (EAFD substitution) and 1EA-LK (EAFD+LKW substitution) presented a hydration heat 

similar to REF. This suggested that for the level of substitution of these cases, EAFD+LKW did not affect 

significantly the hydration reactions in cement and their use in construction materials would be a viable 

waste recycling technique. 
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