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a b s t r a c t

In this paper, the characterisation of iron ore tailings (IOT) was carried out to examine its use as a
supplementary cementitious material (SCM) to produce coloured composite cements. The IOT was heat
treated, and ten different mixtures were prepared, substituting Portland cement for 10, 20 and 30 wt%.
The IOT presented the sum of oxides of silicon, aluminium and iron higher than the minimum prescribed
in Brazilian and international standards to be considered a pozzolanic material. The grain size of the IOT
was smaller than the grain size of the Portland reference cement and met the standards used. The
electrical conductivity indicated that all IOTs are pozzolans, and the index of pozzolanic activity indicated
that the heat treatment at 750 �C transformed the IOT into pozzolan. The heat treatment changed the
colour of the IOT, and that influenced the colour of the composite cement with IOT and in turn, the colour
of the produced mortars. In the IOT without thermal treatment, the presence of the kaolinite mineral was
identified, and the thermal treatment led to the non-identification of this mineral, probably transforming
it into an amorphous phase. The thermogravimetric analysis confirmed the transformation of kaolinite
into metakaolinite. The compressive strength presented by IOT composite cement was adequate for
several commercial cements provided for in Brazilian and in international standards. Cement with IOT
showed lower values de loss of mass and microstructure with less damage under acid attack, and this
behaviour was optimized with increases in the percentage and temperature of IOT heat treatment.
Finally, the synergy between milling and heat treatment optimized the use of IOT as a pozzolan capable
of changing the colour of the final cementitious product, as well as its use as an SCM.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Portland cement forms the base of concrete production; it is the
most commonly used structural material in the world and has
enormous applications in residential, commercial and industrial
areas (Imbabi et al., 2012; Scrivener et al., 2018; Ghalehnovi et al.,
2019; Yadav et al., 2019; Amran et al., 2020). Portland cement is
us Materials; IOT, Iron Ore
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produced by the calcination of lime and clays, and the calcination of
lime releases considerable amounts of carbon dioxide (CO2). While
CO2 emissions per ton of Portland cement are decreasing, the
cement industry’s CO2 emissions are becoming increasingly
worrying as cement consumption around the world is steadily
increasing. Cement production is estimated to account for 5e8% of
total global CO2 emissions (Díaz et al., 2017; Scrivener, 2014).
Concerns over these emissions have resulted in new alternatives
being adopted to produce low-carbon cement, where supplemen-
tary cementitious materials (SCM) are used to replace Portland
cement clinker (Scrivener et al., 2018). The production of Portland
cement clinker requires thermal input at temperatures of approx-
imately 1500 �C (Scrivener et al., 2018; Bhagath Singh and
Subramaniam, 2019), while for SCM from residual soils or
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biomass, commonly, there is no requirement for the temperature to
exceed 800 �C (Bezerra et al., 2017; Scrivener et al., 2018; Yadav
et al., 2019). Additionally, the benefits of using SCM may include
the improvement of the mechanical properties, decreasing on the
porosity, permeability and deleterious reactions (Paris et al., 2016),
and different physical properties such as pigmentation (Galv~ao
et al., 2018).

The SCM commonly used are wastes from industrial sectors,
such as blast furnace slag, fly ash, silica fume, waste glass, and
residues of ceramic industry (Puerta-Falla et al., 2015; Keppert
et al., 2017; Z�alesk�a et al., 2018a). Another industrial by-product
with potential for use as an SCM is biomass, materials of organic
origin. Several authors have investigated the replacement of
cement by ash fromwood burning in thermoelectric and sugarcane
bagasse plants, obtaining composites with mechanical properties
compatible with current standards, as well as reducing the amount
of CO2 (15e20%) and energy (11e16%) (Bezerra et al., 2017; Salvo
et al., 2015; Sklivaniti et al., 2017; Pavlíkov�a et al., 2018). Z�alesk�a
et al. (2018b) investigated the use of sewage wastewater treat-
ment sludge, noticing pozzolanic activity of this material in
cementitious composites. Jankovský et al. (2017) studied wheat
straw ashes and found high pozzolanic activity. Rahhal et al. (2019)
studied ceramic waste originated in a ceramic factory and
concluded that it could be used as a pozzolanic material contrib-
uting to the reduction of CO2 emission in cement-based materials.
Bezerra et al. (2019) obtained a cementless binder from the alkaline
activation of biomass from the burning of eucalyptus chips and iron
ore tailings, aiming to incorporate the composite into building
materials.

Calcined clays are prominent SCM, especially those with high
kaolinite contents (±40%). The world reserves of clays are vast and
represent an enormous potential SCM supply (Scrivener, 2014).
However, despite the reduction in the impact of Portland cement
production, which is quite huge for the sector, the use of calcined
clay as an SCM demands the extraction of these clays in the envi-
ronment, which may require interventions, such as some defores-
tation, movement of soil, cuts and landfills. The use of clays that did
not require further interventionwould further reduce the impact of
cement production. The possibility of using residual clays from the
mineral mining processes seems promising.

Iron ore tailings (IOT) are materials that may contain clay min-
erals. Iron is the fourth most abundant element in the Earth’s crust
and is the primary raw material of steel, which is the most
consumed metal alloy in the world (Shettima et al., 2016). The high
demand for iron resulted in the mining of ores with lower iron
contents, which led to increasing the waste generation (Guimaraes
et al., 2012). On a worldwide scale, this number increased to 2230
billion tons, with 1360 billion tons of this total being material with
the potential to be reused. The world production of IOT in 2016 was
led by Australia, at approximately 825 Gt, followed by Brazil
(391 Gt) and China (353 Gt) (U.S. Geological Survey, 2017). This
large volume of this material is usually disposed of in the form of
tailing dams (Bastos et al., 2016; Pappu et al., 2007).

These dams can directly impact the environment due to the
large volumes of material in the dams, with social and environ-
mental impacts in the event of a failure (Passos et al., 2017).
Therefore, dam safety is considered a great challenge for engineers.
In recent decades, accidents have occurred and devastating eco-
systems and killed hundreds of species (Aires et al., 2018). In 1998, a
dam burst in Aznalcollar, Spain and released 2millionm3 of tailings
into the environment, resulting in contamination of aquifers and
surface water and also the death of several aquatic species (Davies,
2002). In 2003, the largest disaster of this type occurred in the
Republic of Macedonia and released 100,000 m3 of tailings with
heavy metals into the Kamenica River. The tailings wave reached
approximately 10 m in height and 12 km in length (Vrhovnik et al.,
2013). In 2008, an IOT dam accident occurred in Shanxi Province,
China, causing 277 deaths and $14.59 million in economic losses
(Ke et al., 2016; Yang et al., 2017; Yao et al., 2019a, 2020).

In Brazil, recent cases of dam failure have shown the devastating
consequences of the collapse of these structures. In 2015, a dam
that stored IOT in Mariana (Minas Gerais state) failed and dumped
approximately 62,000,000 m3 of tailings that travelled 663 km
along three rivers to the mouth of the Atlantic Ocean, thus affecting
aquatic species and damaging the water supplies of several com-
munities (Lacaz et al., 2017). In 2019, a dam failed in Brumadinho
(Minas Gerais state) that also stored IOT, releasing approximately
12,700,000 m3 of tailings and leaving 259 dead and 11 missing
(Cavallini, 2019; Minas Gerais, 2019; VALE, 2019). Also, mining
tailings are generally related to a reduction in organic soil matter
and nutrients (Lange et al., 2012), and acidification due to the in-
crease in pH (Chaturvedi et al., 2014), decreased permeability
(Mouazen et al., 2014), increased density (Sakai et al., 2008) and
increased salinity (Li et al., 2014).

Due to the impacts of IOT disposal, several studies have inves-
tigated the potential of this material for reuse. Zhang et al. (2011)
showed that IOT had great potential for use in civil construction
using the geopolymerization technique. Huang et al. (2012)
concluded that the replacement of cement with IOT could lead to
a reduction in energy consumption of approximately 32% and a
reduction in greenhouse gas emissions of approximately 63% in the
manufacture of cementitious composites. Kuranchie et al. (2015)
studied IOT as a concrete aggregate and obtained an increase in
compressive strength of 11% compared with those concretes with
natural aggregates. Bastos et al. (2016) investigated the potential of
IOT as a material for infrastructure. Neto et al. (2014), Morais et al.
(2018) and Magalh~aes et al. (2018) used thermally treated mining
waste to partially replace clinker and concluded that this alterna-
tive could produce cement with adequate strength. Cui et al. (2017)
used IOT in autoclaved aerated concretes.

In addition to having potential as SCM, precursors for geo-
polymerization, and aggregates, IOT has demonstrated potential as
a pigment due to its chemical composition (Galv~ao et al., 2018).
Fontes et al. (2018) used IOT from dams to replace aggregates in the
fabrication of roof tiles and as a pigment and concluded that this
material could be possibly used for this purpose because the IOT
may lead to homogeneous colour products. The pigments most
used for the pigmentation of cementitious composites are inor-
ganic pigments, which are composed with oxides, mainly iron ox-
ides, that provide raw materials to produce red, yellow, black and
brown pigments (Hospodarova et al., 2015). Inorganic pigments are
liquids or powders. The use of liquid pigments in concrete does not
affect the physical properties, such as mechanical strength or
porosity (Hospodarova et al., 2015); however, powder pigments
may reduce theworkability of concrete due to the increased surface
area in the system (Lee et al., 2005).

In this scenario, the use of IOT as supplementary cementitious
material to produce Portland cement with different pigments,
adding value to the product, reducing the environmental impact
inherent to the disposal of this material in dams and determining a
large-scale method of immobilisation/encapsulation of IOT in a
cement matrix was investigated.

2. Materials and methods

2.1. Materials

For the development of this work, the following materials were
used: samples of iron ore tailings (IOT), Brazilian standard sand,
reference Portland cement (portland-cement clinker (~95 wt%) and
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calcium sulfate (~5 wt%)) and water.

2.1.1. Iron ore tailings (IOT)
The samples of IOT were collected from the thickeners, which

generates a finermaterial than the tailings from the high-frequency
screens; it also passed through a filter press. As the collected waste
was not disposed of in a dam, it presents some uniformity in the
mineralogical composition. Thus, sample collection was performed
randomly at various points in the tailings pile.

tIOT was collected with humidity of 14% and dried in an oven at
105 �C for 24 h. After drying the sample, thermogravimetric analysis
was performed to define the temperatures the unground IOT would
be subjected to in the thermal treatment. The thermogravimetric
analysis (TGA) on SHIMADZU DTG - 60H thermal equipment using
platinum crucible with heating rate 5 �C.min�1, operated with ni-
trogen gas at 100 mL min�1 and temperature variation between
24 �C and 1100 �C, used 5 mg of sample. To highlight the influence of
sample collection on thermal analysis, the assay was performed
three times for the unground IOT, and no differences were found in
the results that changed no more than 0.1% of the percentage mass
loss per temperature range analyzed. The largest mass loss gradients
observed in the unground IOT sample without heat treatment were
5.5% and 1.0% at temperatures of approximately 500 �C and 750 �C,
respectively. Thus, temperatures of 500 �C and 750 �C were used for
the thermal treatment, which was performed in an industrial rotary
oven at 2 rpm for 40min. After the thermal treatment, all samples of
IOT were ground and named WHT (without heat treatment and
ground), HT 500 (with heat treatment at 500 �C and ground) and HT
750 (with heat treatment at 750 �C and ground). The IOTwas ground
in a Pulverisette Fritsch planetarymill at 300 rpm for 10min in 250-g
portions in 500-ml bowls with 18 20-mm spheres. IOT grinding was
used to improve reactivity, as it may induce changes in the physical
and chemical properties of particles, such as particle size, crystalline
structures and surface properties (Yao et al., 2019a, 2020).

After grinding, thermal analysis was performed againwithWHT,
HT500 and HT750 samples. The particle size distribution was
determined using a Cilas 1090 Laser Particle Size Analyzer. The
particle size analysis was performed wet, using distilled water as a
liquid. The samples were individually added in the sample bath
with centrifugal pump and agitator turned on until the obscuration
of 15% was obtained. After obtaining the desired obscuration, the
ultrasonic probe was turned on for 60 s and the particle size
measurement was performed. The chemical composition was
determined by X-ray fluorescence using pellets fused with lithium
tetraborate and a Panalytical X-ray fluorescence spectrometer. The
X-ray diffraction was performed with a Shimadzu XRD-7000
diffractometer operating with Cu K-alpha radiation (40 kV/
30mA), with 2W from 10� to 80� at a step of 2�/min. The peaks were
identified using the software Match! 3 with the Crystallography
Open Database (COD) revision no. 211633.

2.1.2. Brazilian Standard Sand
Brazilian Standard Sand for cement tests was provided by the

Technological Research Institute (IPT-SP), according to the specifi-
cations provided by Brazilian standard NBR 7214 (ABNT, 2015). Four
standard fractions (retained on the sieve) were used: coarse
(1.2 mme2.4 mm), medium-coarse (0.6 mme1.2 mm), medium-
fine (0.3 mme0.6 mm), and fine (0.15 mme0.3 mm), with silica
content (in mass) above 95%.

2.1.3. Reference Portland cement
The reference Portland cement for this work was produced with

portland-cement clinker (~95 wt%) and calcium sulfate (~5 wt%),
aiming to represent a Portland cement without additions, similar to
CEM I of the European norm EN 197-1 (EN, 2000), which allows a
maximum of 5% of minor additional constituents. The reference
Portland cement had its chemical composition and particle size
determined by the same procedures and equipment used for IOT.
2.1.4. Evaluation of the pozzolanicity
The work used two methods to evaluate the pozzolanicity of

IOT: the pozzolanic activity index and the electrical conductivity
measurement. The pozzolanicity of the IOT with and without heat
treatment was quantified. According to the Brazilian standard NBR
5752 (ABNT, 2014a) for the determination of the pozzolanic activity
index (I%) two mortars with two different dosages should be pre-
pared. Mortar A should contain Portland cement composed of
carbonate material, Brazilian standard sand and water. Mortar B
should contain 25% by weight of pozzolanic material, replacing the
equal percentage of Portland cement composed of carbonate ma-
terial, Brazilian standard sand and water. The Pozzolanic activity
index was calculated according to Brazilian standard NBR 5752
(ABNT, 2014a) using equation (1):

I ð%Þ ¼ IcB
IcA

*100 (1)

Where IcA is the compressive strength of the control mortar (Mortar
A) at 28 days, IcB is the compressive strength of the mortar with the
replacement of cement by pozzolanic materials at 28 days (Mortar
B) and I (%) is the pozzolanic activity index. Both mortars (Mortar A
and Mortar B) have a binder/aggregate ratio of 3 and a water/
cement ratio of 0.48. For each mortar, four specimens were moul-
ded, as prescribed by Brazilian standard NBR 5752 (ABNT, 2014a).
The mortars for the determination of the pozzolanic activity index
were produced with a Portland cement composed of carbonate
material. According to the Brazilian standard NBR 16697 (ABNT,
2018), this cement is composed of clinker þ calcium sulfate with
percentages between 75 and 89, and carbonate material with
percentages ranging from 11 to 25. According to this same standard,
carbonate material is a finely ground material, consisting mostly of
calcium carbonate.

The reactivity of IOTwas also evaluated based on the variation in
the electrical conductivity (DC) in a saturated calcium hydroxide
solution (Lux�an et al., 1989). The saturated calcium hydroxide so-
lution used was prepared with deionized water and Ca(OH)2 with
95% minimum purity. The solution was obtained by mixing and
stirring the Ca (OH)2 in excess with deionized water for 20 min at
500 rpm. Subsequently, the solution was kept at rest for 30 min,
and eventually, the solution was filtered (Villar-Coci~na et al., 2019).
Each test was performedwith 5 g of the IOT sample in 200ml of the
constantly stirred saturated, and filtered calcium hydroxide solu-
tion and the test temperature was maintained at 40 �C (Katare and
Madurwar, 2020). The conductivity of the solution was initially
measured under these conditions with an Akrom KR30 conduc-
tivity meter. Then 5 g of the IOT sample was added to the calcium
hydroxide solution, keeping the mixture stirring for 120 s and the
conductivity measured again after that time. The materials may be
classified as non-pozzolanic when DC < 0.4 mS cm�1, as a variable
pozzolanicity if 0.4 mS cm�1 < DC < 1.2 mS cm�1, and as a good
pozzolanic if DC > 1.2 mS cm�1 (Lux�an et al., 1989). According to
Villar-Coci~na et al. (2019), this method allows following the varia-
tion of the electrical conductivity (DC) of the calcium hydroxide-
pozzolan solution with the reaction time. The use of methods
based on the electrical conductivity of an aqueous suspension of
pozzolan/CH has significantly reduced the times needed to char-
acterize these materials from the perspective of pozzolanicity.
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2.2. Blended cement production and characterisation

IOT with and without thermal treatment were used to produce
Portland cement at percentages of 0, 10, 20 and 30 wt%, as
replacement of reference Portland cement (portland-cement
clinker (~95 wt%) and calcium sulfate (~5 wt%)). The standard
mortars were composed by aggregate/binder ratio of 3 bymass, and
a water/cement ratio of 0.48 according to Brazilian Standard NBR
7215 (ABNT, 2019). This Brazilian Standard deals with the deter-
mination of the Portland cement strength class and prescribes the
production of the mortar mentioned in the previous sentence for
compressive strength tests. The composition of studied composites
is summarized in Table 1.

For each replacement percentage, cylindrical test specimens
measuring 50 mm in diameter and 100 mm in height were moul-
ded, with five specimens produced for compressive strength test,
three specimens produced for water absorption testing, porosity,
bulk density (dry and saturated), and apparent density, and three
specimens for acid attack test. The specimens were cured
immersed in saturated water with calcium hydroxide and were
ruptured at the ages of 3, 7, 28 and 90 days. The format of the cast
and cure conditions are also described in the Brazilian Standard
NBR 7215 (ABNT, 2019). For rupturing, an EMIC universal testing
machine and the software TESC and Vmaq were used, with an
increasing stress rate of 0.25 MPa/s. The sand used for cement tests
is the Brazilian standard NBR 7214 (ABNT, 2015).

The flow test was performed in the fresh state, according to
Brazilian Standard NBR 7215 (ABNT, 2018). The flow table and ac-
cessories provided by Brazilian Standard NBR 7215 (ABNT, 2018) for
determining the flow of Brazilian standard mortar is like the de-
vices provided by ASTM C230 (ASTM, 2014). The method proposed
by the Brazilian Standard NBR 7215 (ABNT, 2018) differs from ASTM
C1437 (ASTM, 2015) in the number and time of drop. Brazilian
Standard NBR 7215 (ABNT, 2018) prescribes that the table be
dropped 30 times in 30 s instead of 25 times in 15 s prescribed by
ASTM C1437 (ASTM, 2015).

Thewater absorption, porosity, bulk density (dry and saturated),
and apparent density were performed according to NBR 9778
(ABNT, 2005). For this, the masses of the oven-dry, saturated of
surface-dry sample in air and saturated immersed in water test
samples were taken in a hydrostatic balance. The water absorption,
porosity, bulk density (dry and saturated), and apparent density
were calculated according to the following equations.

Water absorption ð%Þ¼msat �md

md
*100 (2)
Table 1
Composition of cement-based composites with IOT addition.

Composite Replacement (%) Mass (g)

Portland-cemen

Control 0 624

WHT (without heat treatment and ground) 10 561.6
20 499.2
30 436.8

HT 500 (with heat treatment at 500 �C and ground) 10 561.6
20 499.2
30 436.8

HT 750 (with heat treatment at 750 �C and ground) 10 561.6
20 499.2
30 436.8
Porosity ð%Þ¼msat �md

msat �mi
*100 (3)

Bulk density; dry
�

g
cm3

�
¼ md
msat �mi

*r (4)

Bulk density; saturated
�

g
cm3

�
¼ msat

msat �mi
*r (5)

Apparent density
�

g
cm3

�
¼ md

md �mi
*r (6)

wheremsat is the saturatedmass of surface-dry sample in air (g),md
is the mass of oven-dried sample in air (g),mi is the saturated mass
immersed in water (g) and r is the density of water ¼ 1 g/cm3. For
the statistical evaluation of the results of water absorption,
porosity, dry bulk density, saturated bulk density and apparent
density, the “Anova: Simple Factor” method was used with the aid
of Microsoft Excel software and 5% significance level.

The hypothesis checked the ANOVA results of the previous tests
cited are similar compared to the control group. For this analysis, a
source of variation between groups and within groups was
considered. For the P-value test, P values smaller than the signifi-
cance level reject the equality between the results. Another way of
analysing is to compare the value of the critical region (critical F)
and the value of F (F). If “F" exceeds the “critical F00 the hypothesis
must be rejected.

To evaluate the resistance to acid attack, the 28-day cured
specimens were dried in an oven, weighed and submerged in a 5%
sulfuric acid solution (v/v) in separate containers. After seven days,
the samples were washed, brushed and dried in an oven and
weighed again to determine the mass loss. To observe the effect of
acid attack on the mortar microstructure, scanning electron mi-
croscopy was performed on a Hitachi TM3000 scanning electron
microscope under low vacuum with a backscattered electron de-
tector and electron acceleration voltage of 15 kV.

The colourimetric characterisation of the specimens was per-
formed using the CIELab system, in which a polar, cylindrical sys-
tem represents the colour system. The vertical coordinate (L)
represents the degree of brightness of the colour and can assume
values between 0 (black) and 100 (white). The coordinates a and b
represent the colours and can assume positive or negative values,
representing the colours red/green (a/-a), and yellow/blue (b/-b)
(L�opez et al., 2016a; Gouveia et al., 2017). The advantage of this
system over the RGB (red-green-blue) and CMYK (cyan-magenta-
yellow-black) systems is the fact that it might be possible to
w/b

t clinker (~95 wt%) and calcium sulfate (~5 wt%) IOT Standard sand Water

0 1872 300 0.48

62.4 1872 300 0.48
124.8 1872 300 0.48
187.2 1872 300 0.48

62.4 1872 300 0.48
124.8 1872 300 0.48
187.2 1872 300 0.48

62.4 1872 300 0.48
124.8 1872 300 0.48
187.2 1872 300 0.48
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numerically calculate the difference of different colours based on
the parameters L, a and b (Takatsui et al., 2012). With the aid of
Adobe Photoshop software, the variables L, a and b can be easily
quantified. For this, nine colour samples were collected in each
specimen, being taken the average of the nine measurements.
3. Results and discussion

3.1. IOT characterisation

The results of the chemical analysis are shown in Table 2. The
IOT sample is composed of aluminium, silicon and iron oxides,
representing 93% by weight, satisfying ASTM C618 and Brazilian
Standard NBR 12653 which indicates that the sum of these three
oxides must be greater than 50% or 70% depending on the type of
pozzolan (ASTM, 2019; ABNT, 2014b). Particular attention should be
given to 67% iron oxide, because inorganic pigments are composed
of iron oxides, especially red oxides, IOT has great potential as a
pigment.

The results of the particle size, pozzolanic activity index, and
electrical conductivity are shown in Table 3. All the IOT samples
present smaller particle sizes than cement and with 90% of the
particles smaller than 36.31 mm for WHT, 27.67 mm for HT500 and
35.79 mm for HT750. The sieve analysis showed that the samples
satisfy the ASTM C618 fineness criterion for coal fly ash and raw or
calcined natural pozzolan, with less than 34% of the material
retained on a 0.045 mm or 45 mm sieve (ASTM, 2019). In the same
regard, Brazilian Standard NBR 12653 prescribes that the material
to be pozzolanic must be presented with less than 20% of the ma-
terial retained on a 0.045 mm sieve (ABNT, 2014b). Grain size is an
important variable in the evaluation of additive materials in Port-
land cement (PC), and the smaller particles fill the pores in the
cement paste, improving the physical properties through the filler
effect (Khan et al., 2017).

In Table 3, it is also shown the pozzolanic activity index (I%) of
IOT without and with heat treatment. Generally, it is measured in
terms of strength activity index with Portland cement as per ASTM
C311 (ASTM, 2018). According to ASTM C618 (ASTM, 2019), the
minimum strength activity index with Portland cement should be
75%, as per Brazilian standard NBR 12653 (ABNT, 2014b), the
Pozzolanic Activity Index should be at least 90% (Yadav et al., 2019).
Analysing the results produced using the method provided by the
Brazilian Standard NBR 5752 (ABNT, 2014a), according to the Bra-
zilian Standard NBR 12653 (ABNT, 2014b) only the IOT HT750
showed pozzolanic activity. However, the samples IOT WHT and
IOT HT500 obtained pozzolanic activity index results very close to
reaching the established minimum and may be characterised as
pozzolans.
Table 2
Chemical characterisation of reference Portland cement (PC) and iron ore tailings (IOT

Chemical composition by XRF (wt%) Portland-cement cl

SiO2 5.10
Al2O3 e

Fe2O3 4.90
CaO 83.70
MgO e

TiO2 0.30
Na2O 0.10
K2O 0.90
MnO2 e

P2O5 e

Loss on ignition 3.80

SiO2 þ Al2O3 þ Fe2O3 (%) e
An important property to consider in materials to be added to
Portland cement is the pozzolanic activity. According to Villar-
Coci~na et al. (2019), many experimental methodologies allow a
qualitative or quantitative determination of pozzolanic activity
(ASTM, 2018; BS EN, 2005). Several pozzolanic tests have been
developed and used by researchers. These include the Chapelle test,
the Frattini test, the saturated lime test, and the electrical con-
ductivity measurement (Ramanathan et al., 2019). The last method
cited is the method proposed by Lux�an et al. (1989), which mea-
sures the variation in the electrical conductivity in a saturated
calcium hydroxide solution. The measurement of electrical con-
ductivity variation was used to evaluate the pozzolanicity of rice
husk ash (Lara and Cordeiro, 2019; Nalobile et al., 2019; Katare and
Madurwar, 2020; Vieira et al., 2020), sugarcane bagasse ash
(Andre~ao et al., 2019; Katare and Madurwar, 2019; Rodier et al.,
2019; De Soares et al., 2016; Soares et al., 2014), bamboo leaf ash
(Rodier et al., 2019), sewage sludge ash (De Azevedo Basto et al.,
2019), silica fume (De Soares et al., 2016), waste glass (Alvarenga
et al., 2019), clayey soils (Mozejko and Francisca, 2020), spent
bleaching earth (Nalobile et al., 2019) and broken bricks (Nalobile
et al., 2019).

According to the obtained conductivity variation values
(Table 3), the tailings without heat treatment have variable poz-
zolanicity, while the calcined tailings have good pozzolanicity. The
IOT WHT presented a variation of the electrical conductivity (DC) in
saturated calcium hydroxide solution after 2 min between 0.4 and
1.2 mS cm�1, indicating variable pozzolanicity. Nevertheless, IOT
HT500 and IOT HT750were classifiedwith good pozzolanicity since
the mean values of electrical conductivity variation after 2 minwas
higher than 1.2 mS cm�1 for the samples. As results obtained by the
same method were also found for other pozzolans (Vieira et al.,
2020; Katare and Madurwar, 2020). Also according to Katare and
Madurwar (2020), the electrical conductivity pozzolanicity results
were consistent with the results of pozzolanic activity index,
Chapelle activity, and the amount of reactive silica, which indicates
the use of the method proposed by Lux�an et al. (1989) for the
determination of pozzolanicity.

Thus, in both tests to determine pozzolanicity, the IOT with and
without heat treatment presented with pozzolan or very close to
being pozzolan. This is because of iron ore tailings exhibit pozzo-
lanic activity after mechanical activation (Yao et al., 2019a, 2020).
This behaviour also occurs for other types of tailings, such as gold
tailings (Yao et al., 2019b). With the heat treatment, this result was
optimized, mainly for the treatment temperature at 750 �C. The IOT
750 presented pozzolanicity in the two tests performed, and this is
due to the synergy of the grinding with the heat treatment.

The hues of the samples with and without thermal treatment
are shown in Fig. 1. It is possible to notice that the heat treatment
).
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Table 3
Physical characterisation of reference Portland cement (PC) and iron ore tailings (IOT).

Portland-cement clinker (~95 wt%) and calcium sulfate (~5 wt%) IOT
Particle size distribution WHT HT500 HT750
DM (mm) 18.88 12.26 9.89 16.23
D10 (mm) 3.04 0.86 0.87 3.18
D50 (mm) 15.92 5.39 5.04 12.51
D90 (mm) 39.21 36.31 27.67 35.79

Pozzolanic activity index e I (%) e 87.8 87.7 90.5

DC (mS.cm-1) e 1.02 1.44 1.68

Fig. 1. (a) WHT, (b) HT500 and (c) HT750.
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modified the IOTcolouration. Such an effect can be explained by the
determination of the present phases presented in the diffractogram
(Fig. 2). Small clumps are present due to agglomeration of the finer
particles.

In Fig. 2 it is shown the diffractograms of the IOT WHT, HT 500
and HT 750 samples. Mineralogical phases of quartz (COD9013321),
hematite (COD9015964), goethite (COD1008766) and kaolinite
(COD9009234) are identified. Goethite is the mineral specie
responsible for the yellow colouration of the IOT WHT sample. In
the diffractogram of the IOT HT 500 and HT 750 samples, the
Fig. 2. Diffractograms o
goethite peaks are no longer visible because at temperatures above
300 �C (Gialanella et al., 2010; Sikalidis et al., 2006), goethite
transforms into hematite, and this mineralogical phase change is
responsible for the red hue of the IOT sample after calcination. The
peaks corresponding to kaolinite are absent in the diffractogram of
the IOT HT 750 sample. This fact is associated with the dehydrox-
ylation of kaolinite during the transformation into metakaolinite, a
process that occurs at higher temperatures in the range of
550e700 �C (Boonjaeng et al., 2014; Scrivener et al., 2018).

The thermogravimetric analyses of the IOT WHT, HT 500 and HT
f the IOT samples.



Fig. 3. Thermogravimetric analysis of IOT samples.
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750 samples were performed under the same conditions. In Fig. 3 it
is possible to compare the results of the three samples; there is no
significant mass loss in the 200e300 �C range for the samples that
underwent thermal treatment, confirming the transformation of
goethite into hematite (Gialanella et al., 2010). A small mass loss
occurs above 700 �C that is associated with the dehydroxylation of
the kaolinite present in the samples. Compared with the results of
the IOT WHT, the IOT HT 500 presents a mass loss of approximately
0.8%, indicating that a large part of the kaolinite present is affected
by the thermal treatment. Concerning IOT HT 750, a mass loss of
only 0.2% occurs, indicating that most of the kaolinite present in
this sample is already in the form of metakaolinite (Boonjaeng
et al., 2014; Scrivener et al., 2018). It is worth noting that the re-
sults obtained for IOT without heat treatment before and after
grinding were the same.
3.2. Physical and mechanical properties of blended cement

In Table 4 it is summarized all the compressive strength results.
The main values represent the average of five specimens. The
respective standard deviation is expressed in parentheses, the
percentage of maintenance of strength as a function of the result of
the Control (Reference Portland cement) is shown within brackets
and the gain in compressive strength in relation to the previous age
is shown within braces.

The compressive strength of the cement with IOT decreases as
the incorporation of this waste increases. Values close to the
compressive strength of the cement without IOT - Control (Refer-
ence Portland cement) - are obtained for incorporations of 10% IOT.
The cement with the incorporation of IOT HT 500 and HT 750 show
greater gains in compressive strength compared with that of IOT
WHT. This gain may be related to the pozzolanic reaction due to the
presence of metakaolinite (Scrivener et al., 2018), as the kaolinite
peaks of the IOT with thermal treatment disappear in the X-ray
diffractograms, also proven by small mass loss occurred above
700 �C which is associated with the dehydroxylation of the
kaolinite present in the samples, according to thermogravimetric
analysis results. Another fact that explains this behaviour was
presented by Yao et al. (2019a), the development of compressive
strength indicates that the mechanical ground IOTs exhibit gelling
properties in the alkaline environment provided by calcium oxide.

At 28 days, the cement with 10% IOT presented compressive
strengths above 40 MPa, meeting the specifications of Portland
cement composed with pozzolan e strength class 40 (ABNT, 2018).
At 28 days, the cement with 20 and 30% IOT present compressive
strengths above 32 MPa, meeting the specifications of pozzolanic
Portland cement, according to Brazilian Standard NBR16697 (ABNT,
2018). The compressive strength values obtained for the cement
with 30% replacement are higher than those stipulated in the in-
ternational standard ASTM C1157 for various types of cement,
including GU e hydraulic cement for construction (28 MPa) e and
RS e high sulfate resistance cement (25 MPa) (ASTM, 2017). As for
the 27 products in the family of common cements provided for in
EN 197-1 (EN, 2000), Portland cement composed with IOT WHT
10% and 20% can be classified as CEM II/AP and Portland cement
composed with IOT WHT 30% can be classified as CEM II/BP. Port-
land cement composed with IOT HT500 and IOT HT750 10% and
20% can be classified as CEM II/A-Q and Portland cement composed
with IOT HT500 and IOT HT750 30% can be classified as CEM II/B-Q.
Or they can even be classified as CEM IV/A and CEM IV/B.

Assessing the results of cement with IOT with and without heat
treatment at 91 days, all cement showed a gain in compressive
strength compared to 28 days. However, the percentage of main-
tenance of strength as a function of the result of the Control is less
than 91 days than at other ages. But, considering the gain in
compressive strength in relation to the previous age, the Control
was the one that presented the greatest gain at the age of 91 days.
This may have been the reason of maintenance of strength as a
function of the result of the Control for cements with IOT to have
been smaller at this age.



Table 4
Compressive strength for the different cement compositions.

Addition Replacement (%) Compressive strength (MPa)

3 days 7 days 28 days 91 days

Control 0 32.20a 41.60 52.30 60.78
(0.75)b (0.49) (1.03) (2.76)
[100]c [100] [100] [100]

e {29}d {26} {16}

WHT 10 29.30 37.70 48.20 52.45
(1.32) (0.36) (1.53) (2.25)
[91] [91] [92] [86]

e {29} {28} {9}

20 24.50 36.30 41.60 42.93
(0.86) (1.53) (0.92) (1.42)
[76] [87] [80] [71]

e {48} {15} {3}

30 19.70 31.70 34.00 37.10
(0.68) (0.46) (1.33) (0.80)
[61] [76] [65] [61]

e {61} {7} {9}

HT 500 10 29.60 38.00 49.40 52.99
(1.25) (0.27) (1.58) (1.37)
[92] [91] [94] [87]

e {28} {30} {7}

20 25.00 36.80 42.10 43.80
(0.70) (0.80) (1.20) (1.75)
[78] [88] [80] [72]

e {47} {14} {4}

30 20.20 31.30 34.80 38.01
(0.57) (0.57) (1.35) (0.99)
[63] [75] [67] [63]

e {55} {11} {9}

HT 750 10 29.70 38.90 50.20 54.11
(1.19) (0.52) (1.19) (1.31)
[92] [94] [96] [89]

e {31} {29} {8}

20 24.90 37.90 43.40 44.55
(1.06) (1.41) (1.45) (1.68)
[77] [91] [83] [73]

e {52} {15} {3}

30 20.70 31.90 35.50 37.21
(0.61) (1.45) (0.50) (1.11)
[64] [77] [68] [61]

e {54} {11} {5}

a Compressive strength (MPa).
b Standard deviation (MPa).
c Maintenance of strength as a function of the result of the Control (%).
d Gain in compressive strength in relation to the previous age (%).

Table 5
Flow, water absorption, porosity, bulk density, and apparent density for the different
cement compositions.

Addition Replacement (%) Flow (mm) Water absorption (%) Porosity (%)

Control 0 155 7.98a 16.90
(0.08)b (0.20)
[100]c [100]

WHT 10 150 8.35 17.36
(0.08) (0.17)
[105] [103]

20 146 8.10 17.22
(0.05) (0.07)
[102] [102]

30 145 8.15 16.96
(0.03) (0.06)
[102] [100]

HT 500 10 151 8.35 17.46
(0.08) (0.15)
[105] [103]

20 150 8.35 17.80
(0.16) (0.20)
[105] [105]

30 146 8.28 17.27
(0.15) (0.22)
[104] [102]

HT 750 10 168 8.31 17.23
(0.13) (0.44)
[104] [102]

20 150 8.12 17.31
(0.09) (0.12)
[102] [102]

30 146 8.03 16.78
(0.03) (0.09)
[101] [99]

a Average of three specimens.
b Standard deviation.
c Maintenance of properties displayed as a function of the result of the Control

(%).
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The standard deviation found for the results were low and
within the limit provided by Brazilian standard NBR 7215 (ABNT,
2019). It is worth mentioning the relationship between the
compressive strength results of the cement produced with IOT and
tested according to the Brazilian standard NBR 7215 (ABNT, 2019)
and the strength activity index with Portland cement predicted for
ASTM C311 (ASTM, 2018).

As previously mentioned, the Brazilian standard NBR 7215
prescribes the production of mortar with binder/aggregate ratio
equal to 3 and water/cement ratio equal to 0.48 for the evaluation
of Portland cement compressive strength (ABNT, 2019). ASTM C311
prescribes the production of two mortars with binder/aggregate
ratio equal to 2.75 and water/cement ratio equal to 0.484. It follows
that the second mortar will be replaced by 20% of Portland cement
with the material to be evaluated as pozzolan, and a water/cement
ratio varied as a function of the amount of water required for flow
±5 of the control mixture (ASTM, 2018).

Despite the differences in the cited standards, Brazilian standard
NBR 7215 and ASTM (ABNT, 2019; ASTM, 2018), some analysis can
be performed with caveats. Considering that the present work
produced Portland cements with 10%, 20% and 30% of IOT with and
without heat treatment and evaluated the compressive strength of
cement produced according to the Brazilian standard NBR 7215, the
results of compressive strength for cements with 20% IOT can
somehow be compared with the strength activity index with
Portland cement calculated according to ASTM C311 (ASTM, 2018).
Of course, differences in binder/aggregate and water/cement ratios
may affect the properties of the mortars produced. However, dif-
ferences in binder/aggregate and water/cement ratios occur
simultaneously for control mortar and IOT mortars within the re-
sults presented, because it is a comparative analysis. So, the authors
believe that the percentage of maintenance of strength as a func-
tion of the result of the Control (Reference Portland cement). This
value is shownwithin brackets (Table 4) for mixtures with 20% IOT
and can be comparedwith the strength activity indexwith Portland
cement. Since, as ASTM C618 (ASTM, 2019) provides for the
assessment of the strength activity index with Portland cement at 7
and 28 days, under these considerations and caveats, mortars
produced with cement with 20% IOT with and without treatment
performed satisfactorily, as they presented the percentage of
maintenance of strength as a function of the result of the Control
(Reference Portland cement) higher than the 75% strength activity
indexwith Portland cement predicted by ASTM. C618 (ASTM, 2019).

In Tables 5 and 6 it is possible to observe the results of the water
absorption, porosity, bulk density, and apparent density tests per-
formed at 28 days of curing, along with the flow. The main values
represented the average of three specimens and the respective



Table 6
Bulk density and apparent density for the different cement compositions.

Addition Replacement (%) Bulk density, dry (g/cm3) Bulk density, saturated (g/cm3) Apparent density (g/cm3)
Control 0 2.117 2.286 2.547

(0.003) (0.005) (0.010)
[100] [100] [100]

WHT 10 2.080 2.254 2.517
(0.005) (0.005) (0.008)
[98] [99] [99]

20 2.125 2.297 2.567
(0.005) (0.005) (0.004)
[100] [100] [101]

30 2.080 2.250 2.505
(0.005) (0.006) (0.008)
[98] [98] [98]

HT 500 10 2.091 2.266 2.533
(0.002) (0.001) (0.002)
[99] [99] [99]

20 2.132 2.310 2.594
(0.016) (0.014) (0.013)
[101] [101] [102]

30 2.086 2.259 2.522
(0.011) (0.010) (0.009)
[99] [99] [99]

HT 750 10 2.073 2.245 2.505
(0.023) (0.027) (0.040)
[98] [98] [98]

20 2.131 2.304 2.577
(0.012) (0.011) (0.012)
[101] [101] [101]

30 2.089 2.257 2.510
(0.003) (0.004) (0.006)
[99] [99] [99]

a average of three specimens; b standard deviation; c maintenance of properties displayed as a function of the result of the Control (%).

Table 7
Statistical analysis of physical properties.

Physical property Heat treatment SQa F-ratiob p-value

Water absorption WHT 0,17660 14,42177 0,00221
500 HT 0,19985 4,15175 0,05515
750 HT 0,16647 6,53511 0,01939

Porosity WHT 0,38465 7,46190 0,01386
500 HT 1,03367 9,03783 0,00835
750 HT 0,56178 2,71986 0,12445

Dry bulk density WHT 0,00475 65,26047 0,00002
500 HT 0,00417 12,57516 0,00331
750 HT 0,00602 10,64747 0,00532

Saturated bulk density WHT 0,00469 57,98495 0,00003
500 HT 0,00478 19,01923 0,00096
750 HT 0,00637 8,51371 0,00980

Apparent density WHT 0,00693 42,07358 0,00008
500 HT 0,00906 35,79112 0,00013
750 HT 0,01034 6,480535 0,01980

Notes.
a SQ ¼ Sun squares.
b Fcritical ¼ 4,34683.
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standard deviation is expressed in parentheses and the percentage
of maintenance of properties displayed as a function of the result of
the Control (Reference Portland cement) is shown within brackets.

The amount of absorbedwater in themortars producedwith the
cement with IOT slightly increases, and the same it occurs with the
porosity. Despite the fine particle size of the IOT, which leads to a
loss of workability, these particles occupy the macro and micro-
pores formed during cement hydration and contributed to a
decrease in the porosity of the mortar (Shettima et al., 2016; Yaprak
et al., 2011). Porosity is a factor directly related to the durability of
concrete andmortars regarding the attack by acidic substances. The
higher the porosity and permeability are the higher the rate of
percolation of substances and the greater the degradation suffered
by the concrete or mortar (Kim et al., 2014). However, the addition
of IOT to slightly increased porosity contributes negatively to
durability. The consistency index of the mortars with additions
does not significantly vary despite the IOT being finer and
increasing the amount of water or using a plasticiser additive was
not necessary.

Bulk density and apparent density for HT500 and HT750 were
slightly higher than WHT. This suggests that the heat treatment of
the IOT can influence these properties.

As can be seen in Table 7, the results of water absorption are
considered similar to the control group at specimens with 500 �C of
heat treatment. In the specimens without heat treatment, the P-
value is smaller than the significance level (0,05) and the critical F is
bigger than the value of F. So in this case, the calcination directly
influences this parameter, since the heat treatment promotes the
dehydroxylation of kaolinite in metakaolin and the reaction of silica
presented inmetakaolin favours the formation of cement hydration
products and consequently decreases the material’s water ab-
sorption (Mojekzo and Francisca, 2020). With 750 �C of heat
treatment, the results are considered not similar with the control
group. However, the sum of the squares (SQ) between the groups is
smaller; that is, there is a smaller variation in relation to the average
than in the case without heat treatment. In the porosity tests,
similar behaviour can be observed. In this test, only the specimens
with 750 �C are considered equal to the group control. For dry bulk
density, saturated bulk density and apparent density, the results are
not considered similar on the statistical evaluation. The specimens
without heat treatment presented smaller P-values than the
specimens whit heat treatment for all the tests. This suggests that



Table 8
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the heat treatment influences on these properties of the material.

Colour codes of the specimens.

Addition Replacement (%) CIELab system

L a b

Control 0 61,3 �2 8

WHT 10 52,6 2,9 24,3
20 42,4 8,0 27,4
30 45,2 12,0 29,7

HT500 10 49,6 11,7 22,0
20 34,3 13,2 19,8
30 40,0 15,0 19,9

HT750 10 43,0 8,2 14,8
20 41,4 13,1 17,4
30 36,9 12,8 14,8

Table 9
Mass loss values after acid attack.

Addition Replacement (%) Mass loss (%)
Control 0 19.8

WHT 10 17.8
20 15.0
30 13.0

HT 500 10 17.7
20 14.6
30 12.3

HT 750 10 17.1
20 13.2
3.3. Coulorimetric characterisation of blended cements

Fig. 4(a)-(c) presents the test specimens of the cement with IOT
WHT, IOT HT 500 and HT 750, respectively, with the cement
without IOTon the left and the replacement percentages increasing
from left to right. As shown in Fig. 4, higher replacement percent-
ages provide stronger hues.

The colour codes obtained via the image analysis CIELab are
shown in Table 8. The colour analysis using the CIELab system
shows that the parameters a and b of the control specimen pre-
sented lower values than the others. The smaller modulus of these
parameters and the closer to the vertical axis, the colour assumes
shades of grey ranging from white to black. The specimens
composed by IOT without heat treatment presented variable values
of b and this parameter is higher than other specimens, tending to
yellow due to the presence of goethite.

After heat treatment, goethite is converted to hematite, result-
ing in higher variable values for the specimens, tending to red. As
for the parameter L, the specimens with IOT are smaller and,
therefore, darker than the control specimen. The lack of a standard
for this variable may reflect the poor homogenisation of the mortar
or segregation during its conformation (L�opez et al., 2016a, 2016b).
Galv~ao et al. (2018) suggested that the iron ore tailings can be used
as pigment for sustainable paints. So, the various colours found in
the colourimetric characterisation due to the calcination is advan-
tageous from the aesthetic aspect.
30 11.8
3.4. Resistance to acid attack of blended cements

In Table 9 it is possible to observe that themass loss values of the
mortars produced with the different types of cement after attack by
sulfuric acid solution. This acid was chosen because of its high
acidity, being extremely aggressive to cementitious compounds.

The use of sulfuric acid for mortar degradation has been eval-
uated in other studies, including �Zivica (2004) and Gutberlet et al.
Fig. 4. Test specimens produced
(2015). Resistance to attack is related to the pore size distribution
(Zivica and Bajza, 2001) in addition to the cement chemistry and
aggregates involved. According to the results obtained in the water
absorption tests, the mortars produced with the cement with IOT
incorporated have slightly higher porosity and therefore, a higher
amount of attack are expected in these samples. However, the mass
with the cement developed.
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loss is lower in the samples produced with cement with IOT
incorporated, decreasing with increasing incorporation percentage.
The calcium hydroxide generated by the hydration of the Portland
cement is the component with the lowest chemical stability and is
highly vulnerable to acidic substances. Because the cement without
IOT contains a greater amount of Portland clinker, this cement
generates a greater amount of Ca(OH)2. In the reaction between
sulfuric acid and Ca(OH)2, gypsum (CaSO4.2H2O) is formed, which
in turn reacts with the calcium aluminate in the matrix and forms
ettringite (3CaO.Al2O3.3CaSO4.31H2O) (Zivica and Bajza, 2002).
Gypsum and ettringite are expansive products that increase the
porosity and the surface permeability, accelerating the rate of
attack by acidic substances. Thus, the addition of IOT reduces the
amount of generated Ca(OH)2 and reduces the vulnerability of the
concrete to acid attack (Gutberlet et al., 2015). For the same per-
centage of incorporation, the mass loss decreases as the IOT ther-
mal treatment temperature increases. The pozzolanic reaction of
the metakaolinite presented in IOT consumed part of the Ca(OH)2
generated during the hydration and decreased the availability of
Ca(OH)2 to react with sulfuric acid.

In Fig. 5 it is possible to observe the IOT WHT (Fig. 5(a)), HT 500
(Fig. 5(b)) and HT 750 (Fig. 5(c)) cement test specimens after acid
attack. Variation in the intensity of the acid attack in the specimens
produced with the cement without IOT is noticeable, and with
increasing the proportion of IOT, the acid wear is less intense. The
surface integrity of pastes was deteriorated as an increase in mass
loss and surface roughness was found when compared to the initial
state before sulfuric acid attack. Although all samples in contact
with sulfuric acid exhibit increased surface roughness and aggre-
gate exposure, these effects are greatly minimised in IOT samples,
with partially intact areas in the specimens with 30% IOT, especially
in the 30% IOT HT750 sample.

To illustrate the effect of the acid attack on the microstructure,
micrographs obtained from the cement specimens without IOT
(Fig. 6(a)) and cement with 30% IOT (Fig. 6(b)) are shown in Fig. 6, as
Fig. 5. Test specimens
these specimens have the highest and lowest mass loss values,
respectively. Acicular structures were formed in both compositions.
Because sulfuric acid releases sulfate ions when in solution, it is
believed that this structure is ettringite. Monosulfoaluminate
derived from the presence of tricalcium aluminate (C3A) in Portland
cement in sulfate and sulfuric acid attack forms an expansive sec-
ondary ettringite that causes internal damages to the material
structure (Khan et al., 2019). In the cement without IOT (Fig. 6(a)),
the matrix is spongy and rough, showing the high apparent
porosity, the removal of a large part of the original surface, the
formation of cracks, and with large gypsum and ettringite crystals,
as also found in Portland cement concrete after sulfuric acid attack
(Gu et al., 2019). In the cement matrix with 30% IOT (Fig. 6(b)),
despite the presence of ettringite, the matrix is still cohesive, with
lower apparent porosity and no large removal of unconsolidated
surface material. Most likely, the greatest resistance to attack was
provided by the pozzolanic reaction and the change in the
(SiO2 þ Al2O3 þ Fe2O3)/CaO ratio (Lara and Cordeiro, 2019).
Grandclerc et al. (2018) point out that the addition of blast furnace
slag, pozzolans, and fly ashes reduces the production of gypsum
and ettringite when the cement is under attack by sulfuric acid.

4. Conclusions

Based on experiments and theoretical analysis, the following
can be concluded:

(1) The IOT presented chemical composition and particle size
that meet Brazilian and international standards to be
considered a pozzolanic material.

(2) The IOT with and without heat treatment showed variable
pozzolanicity and good pozzolanicity according to the elec-
trical conductivity. The IOT HT750 presented a pozzolanic
activity index that characterises it as a pozzolan according to
the Brazilian standard. The IOT WHT and HT500 obtained
after acid attack.



Fig. 6. Microscope images of the test specimens produced with (a) cement without
IOT and (b) cement with 30% IOT after acid attack.
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indexes close to being characterised as pozzolan. As a result,
heat treatment at 750 �C leads to better pozzolanicity.

(3) The kaolinite from the IOT is extinguished by heat treatment
at 750 �C, a fact confirmed by X-ray diffraction and ther-
mogravimetric analysis.

(4) The mechanical strength of IOT composite cements was
compatible with Brazilian and international standards. Also,
the compressive strength values established in Portland
cement standards have been met with a 30% reduction in
clinker consumption, which can reduce CO2 emissions.

(5) IOT compound cement were more durable under severe acid
attack. The presence of IOT inhibited the formation of
harmful phases and increased durability.

(6) The heat-treated IOT produced cement with different
matrices, creating the opportunity to produce cement in
colours other than grey or white. This option can be inter-
esting for use in structures that will be seen by the public and
will eliminate the need for subsequent coloured coating
layers, such as mortars and paints.

(7) The physical parameters (water absorption, porosity, bulk
density, and apparent density) of mortars produced with IOT
composite cement were compatible with the mortar pro-
duced with the reference Portland cement.

(8) The encapsulation of IOT by cement as SCM represents a
viable option for immobilising large volumes of this mining
waste, reducing the impacts of tailings dams.

(9) The synergy of the IOT grinding and heat treatment led to a
better composite cement within the studied parameters. The
results showed that the partial replacement of clinker by IOT
in the production of composite cement is effective for use on
a large scale, consumes less energy because the calcination
temperature of the IOT is lower than the sintering temper-
ature of the clinker and is ecologically correct when adding
value to IOT, generating a differentiated product with
different colours.
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