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The large volume accumulation of iron ore tailings (IOT) in Brazil poses significant risks of accidents, high-
lighting the need for strategies for their recycling. The Brazilian’s IOT possesses mainly iron oxide content (HI-
I0T) and can be used as raw materials alternatives in clinker production. Based on a fixed lime saturation factor
(LSF = 0.96), we incorporated 5 to 10 wt% of HI-IOT in the raw meal to produce Portland clinkers. The
mineralogical phases (alite, belite, aluminate, and ferrite) were evaluated by quantitative X-ray diffraction.
Optimal results were obtained with 7.5 wt% of HI-IOT in the clinker Portland, i.e., approximately 32 %wt. of clay
substitution. The mechanical strength evolution was evaluated by a reduced-size test and obtained compressive
strength of 34.8 MPa at 3 days-age, 54.10 MPa at 7 days-age, and 71.20 MPa at 28-days values compatible with
standardized high initial strength Portland cement. By monitoring the complete hydration process using TG/DTG
and assessing the volumetric composition over time, valuable insights were gained regarding the potential
application of these Portland cements at an industrial scale.

1. Introduction

Mining activities in Brazil generate a large volume of iron ore tailings
(I0T) which poses a danger if not properly managed. The accumulation
of tailings in dams (a non-circular strategy) can lead to disasters, such as
the loss of human lives, immense environmental damage, and economic
and financial consequences [1-3]. These events highlight the impor-
tance of finding ways to recycle and manage the IOT in Brazil and other
places where these natural resources are explored. This approach is
necessary to reduce the risks of future disasters, and it is a substantial
step toward sustainability and preserving the environment, as also to
apply a circular economy approach [4,5].

Use of mining tailings such as an alternative raw material for clinker
production conserves non-renewable natural resources [6] like lime-
stone and clays. So, it depends on the availability of its primary oxides
(Ca0, Si0Oj, Al;03, and Fey03) for clinker mineral phases formation.
Various sources, such as fly ash (bottom ash) [7,8], waste from cemen-
titious materials [9], tailings from different sources [10,11] and, even
hazardous waste [12] have been successfully tested to produce clinker
and used by industry.
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The IOT can be a promising clinker raw material, but the location of
the ore (the original rock) and processing processes will interfere with its
chemical composition (Table S.1 - Supplementary Data). Countries
such as China, Malaysia, and Australia have IOT with Fe,O3 contents
that rarely exceed 25%, whereas a fine fraction of tailings with high iron
oxide, above 40 wt%, are found in countries like Brazil and India [13].
Therefore, Brazilian IOT is composed predominantly by Fe;Os. In
addition, SiO3 and Al,0j3 also are present [14-16]. This material, namely
HI-IOT (iron ore tailing with high iron oxide), herein may limit the
substitution of aluminosilicate-based raw material as clay by the HI-IOT.
Studies about HI-IOT as raw material in clinker Portland are scarce in
international literature (Table S.1 - Supplementary Data).

Particularly in Brazil, the use of HI-IOT in clinker production is not
yet available. In this sense, there is doubt about the optimal replacement
of usual raw materials or correctives (to adjust raw meal and clinker
composition), and fully understanding its clinker Portland cement
reactivity and evolution of mechanical strength. Studies in China have
evaluated IOT use as an alternative raw material for clinker in the
production of Portland cement and have shown optimal replacements of
up to 10% [17,18], but China’s IOT does not have high iron contents like
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those from Brazil and did not test the reactivity of the clinker cement.
Typically, most studies with HI-IOT have been appointed toward high-
belite cement development [10,19], an unconventional Portland
cement.

To incorporate IOT in Portland clinker adjusting the raw materials
ratio in the “raw meal” is necessary to obtain a suitable quality. It in-
volves monitoring and adjusting multiple interdependent variables such
as chemical moduli (lime saturation factor (LSF), silica modulus (SM),
alumina modulus (AM), and hydraulicity modulus (HM) and mineral
phases levels, as alite, belite, aluminate, and ferrite [20]. Usually, the
percentage of clinker mineral phases is estimated by Bogues’s equations
[21].

In our understanding, the main challenge in using HI-IOT as a raw
material is to keep clinker reactiveness, adopting an LSF equal to or
higher than 0.96 (recommended for clinker Portland) [22] for the “raw
meal” as adopted in this manuscript. The HI-IOT use may guarantee a
proper formation of liquid phases during the clinker formation. In
addition, it can avoid additional correctives and clay use. In this sce-
nario, the expected values of SM and AM need to be secured [23].
Finally, we tried to keep ferrite content under 12 — 15% [24] since
changes in the mineralogy of the clinkers may affect the hydration
evolution of the cement [25,26], which can retard its setting time and
mechanical properties over time. The dosage protocol may increase the
contents of IOTs in Portland clinkers development.

Most of studies from literature were done on a laboratory scale, with
a few grams of samples, unable to measure the reactivity by calorimetry,
or thermogravimetry (TG/DTG) hydration monitoring, or measure the
strength of Portland clinker cement paste due to the mass required to
produce mortar-scale specimens. Standard tests to evaluate strength
require a high quantity of material (ten kilos or more) to do the tests.
This restriction limits the scope of the results and, therefore, the appli-
cability to the industry.

We evaluated herein the clinker reactiveness and the strength evo-
lution using a small-scale laboratory test method. As far as we know, no
other studies in the literature have integrated heat and TG/DTG moni-
toring to describe hydration kinetics and small-scale mechanical tests in
cement pastes to comprehensively evaluate the technical feasibility of
using HI-IOT for developing clinker Portland that meets commercial
standards.

2. Experimental program, materials, and methods
2.1. Raw materials characterization

Raw materials used to prepare Portland cement clinker were natural
clay, HI-IOT, and reagent-grade calcium carbonate (>98 wt% CaCO3).
The clay was provided by a ceramic industry, from Minas Gerais, state
Brazil. The HI-IOT is a representative fine fraction (less than 0.1 mm)
from a flotation process of a large iron ore mining operation. The HI-IOT
used is part of a large-scale research study with the University of Sao
Paulo to make a feasible solution for HI-IOT use in cementitious
materials.

Tests of leaching were carried out in the HI-IOT (Table S.2 - Sup-
plementary Data). The leaching of concerning elements did not exceed
the limits and the HI-IOT could be characterized as a non-hazardous
waste [27].

The chemical analysis of the raw materials was presented in Table 1.
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The oxides were determined by X-ray fluorescence (XRF) using a Mal-
vern Panalytical equipment (Zetium model), with lithium tetraborate
melted pastilles. The loss on ignition (LOI) was determined after calci-
nation at 1,020 °C for 2 h. The HI-IOT and clay have iron oxide (Fe3O3),
silica (SiO3), and alumina (Aly03). The clay and HI-IOT exhibited
different silica and alumina modulus (SM and AM), with SM of 2.79 and
0.66, and AM of 3.85 and 0.28, respectively. The iron oxide content in
HI-IOT was found to be approximately nine times greater than present in
the clay; therefore, those needs limiting for full use as a carrier of these
main oxides for clinker production.

The raw materials were mineralogically characterized by X-ray
diffraction (XRD) powder analysis. The analysis was performed on a
Panalytical X’Pert diffractometer, at room temperature, with CuKa ra-
diation (A = 1.5406 A), except for HI-IOT that used the CoKa radiation
(A = 1.785 A), both operating with a current of 40 mA, but with 45 kV
for HI-IOT and 40 kV of voltage for the other raw materials (0.02 °26;
300-sec steps). The mineralogical analysis was performed using Pan-
alytical’s X’Pert HighScore Plus software (version 4.9) with Crystallog-
raphy Open Database (COD) and Inorganic Crystal Structure Database
(ICSD) files.

The Rietveld refinement [28,29] was realized to quantify the
mineralogical phases of the raw materials (quantitative X-ray diffraction
— QXRD). For all diffraction patterns, the general parameters refined
were scale factor, background parameter with “use available back-
ground” function, zero shift error, unit cell, and peak shape parameters
(W, V, and U) using the pseudo-Voigt function. The refinement ended
with the application of preferred orientation, using the Spherical Har-
monics function, only on compounds that tend to be oriented.

Fig. 1 presents the mineralogical phases and QXRD (Table S.3 -
Supplementary Data), which reveals that both clay and HI-IOT contain
common mineral species, such as kaolinite, quartz, dickite, and goethite.
However, their contents were found to differ significantly. Iron oxide
carrier minerals were found to be predominant in HI-IOT (goethite and
hematite, essentially), which accounts for the high Fe,O3 content
observed in the material.

The particle size distributions (PSD) of clay, HI-IOT, and CaCO3 were
obtained in a Helos HR, Sympatec laser granulometry (0.1 to 350 pym).
Fig. 2 shows the volume and cumulative distribution of the particle sizes
that lead to determining three characteristic diameters d;o, dso and dgg
for percentiles of 10%, 50%, and 90%, respectively. The particle size
distribution of both clay and HI-IOT was found to be similar (Fig. 2a).
This scenario leads to an appropriate sintering rate even for high-
strength cement, as this property is generally inversely proportional to
the particle size [20,30].

2.2. “Raw meal” mix proportion

Eight parameters were defined in dosage methodology, four related
to the chemical moduli (Lime Saturation Factor - LSF, Alumina modulus
- AM, Silica Modulus - SM, and Hydraulic Modulus - HM) and four
related to the expected contents of the clinker minerals phases (C3S, C2S,
C3A, and C4AF) (Table S.4 - Supplementary Data). The clinker acronym
was Cl, clinker with HI-IOT substitution (CI) and x represents the
content of HI-IOT in raw meal resulting from clay replacement (Table 3).

The control variables herein were LSF and HM. The LSF value was
kept above 0.96 (Table 2), which is within the normal range for clinker
(0.92 to 0.98) [22], and the HM is kept within the recommended range

Table 1

Chemical analysis of raw materials by XRF (wt.%).
Raw materials LOI SiO, Al,O3 Fe,03 CaO MgO Na,O K,O Others*
CaCO3" 43.9 - - - 56.1 - - - -
Clay 8.88 64.7 18.4 4.78 0.25 0.4 0.10 0.93 1.56
HI-IOT 8.94 35.1 11.5 41.8 0.10 0.13 0.10 0.10 2.28

* Others = contents below 0.01; ** Chemical composition by Rietveld refinement.
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Fig. 1. X-ray diffraction patterns (5° — 75° 20 range) of the raw materials: HI-IOT (a), clay (b), and CaCOj3 (c). COD database code in parentheses.
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Fig. 2. Particle size distribution, volume (a) and cumulative volume (b).

of 1.7 to 2.4 [31]. The alite content was set to approximately 65%, which
is a recommendation of industrial Portland clinker producers (Tay-
1lor,1997). The other moduli (SM and AM) maybe were changed with the
incorporation of HI-IOT, as well as the expected content of other phases,

such as belite, tricalcium aluminate, and ferrite. To simplify the dis-
cussion, tricalcium aluminate (C3A) formed in clinker will be referred to
as “aluminate” or "calcium aluminate".

The

interstitial fraction (aluminate and ferrite phases) is the fraction
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Table 2
Chemical moduli of the raw meals and the expected clinker phases.

Chemical moduli HI-IOT content in the raw meal (%)

0 5 7.5 10 15 20
LSF 0.967 0.969 0.974 0.970 0.971 0.972
SM 2.79 1.97 1.69 1.48 1.16 0.94
AM 3.85 1.33 0.99 0.78 0.55 0.41
HM 2.27 2.11 2.05 1.97 1.84 1.72

Mineral phases (%) HI-IOT content in raw meal (%)

0 5 7.5 10 15 20
Alite 65.1 65.2 66.2 65.3 65.2 65.2
Belite 14.9 11.3 8.66 7.85 4.61 1.32
Aluminate 14.0 8.41 5.59 2.86 —2.57 -7.95
Ferrite 5.01 14.0 18.5 23.0 31.7 40.4

Table 3
Samples identification and raw materials content.

Clinker  Aluminosilicates HI- Clay HI-IOT / CaCOs3
total (Wt% in the 10T (wWt% Aluminosilicates (/Wt%
raw meal) (Wt% in the total (wt%) in the

in the raw raw
raw meal) meal)
meal)

Clp 21.96 0.00 21.96 0.00 78.04

Cls 23.20 5.00 18.20 21.55 76.80

Clys 23.75 7.50 16.25 31.58 76.25

Clyo 24.40 10.00 14.40 40.98 75.60

Cl5 25.70 15.00 10.70 58.37 74.30

Clyo 26.95 20.00 6.95 74.21 73.05

that most changes due to the increase in Fe;O3, which causes an increase
in ferrite phase as well as a decrease in aluminate. In situations where
the Al;03/Fes03 (A/F) ratio is less than 0.64, C3A formation is unlikely
to occur in the absence of alumina to react with lime [24]. Thus, the HI-
10T content above 15 wt% shows negative C3A content, and because of
that, these contents were not considered to produce cement.

In general, the raw meal proportions, as given in Fig. 3, were kept
close to the usual in Brazilian industry, i.e. approximately 80% of
limestone and approximately 20% of the other raw materials compose of
SiO4, Aly03, and FeoO3, The samples Cls, CI7 5, and CI; o were selected for
clinker production on a laboratory scale.

Due to the increase of Fe;O3 caused by HI-IOT incorporation, it’s
necessary to investigate its impact on the liquid phase (LP) or melt,

100
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Fig. 3. Relationship between raw materials proportions and HI-IOT content in
raw meal.

Construction and Building Materials 402 (2023) 132958

which appears at 1,338 °C, and it is believed to reach its maximum when
AM = 1.38 [24]. The burning degree might be accelerated; the alite
formation may be facilitated due to diffusion and transport by the liquid
phase [24,32]. The LP was calculated at three different temperatures:
1,338 °C, 1,400 °C and 1,450 °C using the equations proposed by Lea
and Parker [33] (Eq. (1) to Eq. (4)); where A = Al;03 and F = Fey0s.

LP) 333 .c = 6.10F + MgO + K30 + NayO, if AM < 1.38 )
LP; 335 -c = 8.2 A — 5.22F + MgO + K>0 + NayO, if AM < 1.38 @
LP; 400 -c = 2.95 A + 2.20 x F + MgO + K,0 + Na,0 3)
LP; 450 -c = 3.00 A + 2.25 x F + MgO + K»0 + Na,O &)

2.3. Clinkerization procedures and characterization

The clay and HI-IOT were first oven-dried at 105 °C for 24 h. The
mixture of the raw meal was homogenized in the Turbula System Schatz
equipment for 5 min. The mixtures were rolled manually to produce
spherical pellets of approximately 1 g &+ 0.1 g with deionized water at a
water/solid ratio of 0.60. The last process was dried in a furnace at
110 °C £ 5 °C for 24 h.

The clinkerization was carried out in a lab-scale static kiln EDG
F1700 with a threshold at 1,200 °C and 1,500 °C with retention time of
30 min (selected from a Design of Experiments) in both temperatures,
and a heating ramp at a speed of 15 °C/min. The pellets were supported
in cobblestone-shaped magnesian refractories (4 cm x 5 cm x 7 cm)
with a slightly hollow center. Then, a cooling process was realized using
intense airflow on a metal plate (cooled with water recirculation). The
quantity of mass needed for entire characterization at the laboratory was
around 245 g (Figure S.1 - Supplementary Data).

The clinker grinding was set to maintaining 6 wt% of residues
retained on the 75 um sieve [34]. This process took place in two stages:
a) Manual grinding: carried out in an agate mortar until the pellets are
completely broken; b) Mechanical grinding: carried out in a planetary
micro mill Pulverisette 7 — FRITSCH for 20 min at speed 9 (five spheres
with a 1-cm radius).

The clinkers were physically characterized in terms of particle size
distribution, specific gravity, and specific surface area. Particle size
distribution was performed according to section 2.1. The specific
gravity was determined by gas Helium (He) pycnometer in a Multi-
pycnometer MVP 5DC, equipment of Quantachrome Instruments, from a
simple average of 5 measurements. Specific surface area (SSA) was
determined by BET [35] (SSAggr) in Belsorp Max equipment, made by
Bel Japan, through the physical adsorption of nitrogen gas at 77 K on the
solid surface of the sample.

The mineralogical composition was quantitatively evaluated by
QXRD. The XRD procedure was executed according to section 2.1 as
well as the Rietveld method. In the samples Cly, CIs and Cl; 5 were
detected most reactive crystalline structures of clinkers, such as mono-
clinic alite, p-belite, cubic aluminate and C4AF as ferrite (Table S.6 -
Supplementary Data).

2.4. Characterization of Portland cement pastes

2.4.1. Heat of hydration

The study used a composition of high early-strength Portland cement
based on the Brazilian standard [34] to produce cement. The composi-
tion of the prepared Portland cement was 86.16% (g/g) of clinker,
3.84% (g/g) of calcium sulfate (G) (CaSO4-2H20, the content was
optimized by calorimetry), and 10.0% (g/g) of CaCOs (C), representing
filler content. Then, the Portland cement was named CI5 - GC, CI 5 - GC,
and Cl;9 — GC with 5, 7.5, and 10 wt% of HI-IOT in raw meal. As
reference, a Brazilian high early strength Portland cement (H-OPC)
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commercially available was used (specifications in Table S.7 - Supple-
mentary Data), which is equivalent to a CEM I 42.5 R [36].

The cement pastes were produced with a water/cement ratio (w/c)
of 0.5, using deionized water, to keep it according to cement standard
tests, specifically concerning the Brazilian standard ABNT NBR 16697
[34] and European Standard EN 197-1: 2011 [36]. The materials were
manually mixed for 30 s, followed by mechanical mixing of 60 s using an
IKA stirrer with a rotational speed of 10,000 rpm [37]. The heat released
was characterized by isothermal conduction calorimetry using I-CAL
8000 HPC (Calmetrix) with 8 channels. The analysis time was 48 h at
23 °C temperature.

2.4.2. Thermogravimetric analysis (TG/DTG)

To calculate the chemically combined water (C,,) and Portlandite
content (CH) of hardened cement pastes over time, three cubic speci-
mens molded for mechanical tests, and randomly selected, were sum-
mited to hydration stoppage by changing free water for organic solvents
[38], such as isopropanol and diethyl ether. Thermogravimetric (TG/
DTG) analyses were carried out after hydration stoppage. This test was
performed in a thermobalance (NETZSCH, TG 209 F1 Libra) which
around 50 mg of sample was placed in an open alumina crucible, where
it was heated at a 10 °C/min rate until 1000 °C in inert (N2) atmosphere
(gas flow rate of 20 cmg/min).

The quantity of portlandite was determined using the mass loss ob-
tained for the tangential method by software Protheus Thermal analysis
8.0.2 (NETZSCH). For determining the hydration degree it was consid-
ered that all materials are full hydrated at 180 days [39]. Thus, C,, and
CH are quantified as follows on Eq. (5) and Eq. (6) [28,40]:

Wi — Wsso

Cy= ——Fi— %)
Wsso

Wao — Wsso  M(Ca(OH),

CH = .
Wsso M(H,0)

(6)

where M is the molar mass, Wy is the percentage of mass loss at tem-
perature x (in °C).

2.4.3. Mechanical properties

The mechanical properties (tensile strength, o and elastic modulus,
E) of hardened cement pastes were determined using a method based on
Point Load Test (PLT) method [41] to determine the tensile strength of
the cement pastes (10-mm cubic size specimen). To determine elastic
modulus, the PLT was instrumented with a LVDT (linear variable dif-
ferential transformer) and used the Hertz Elastic Contact Theory (Hertz,
1882), and it has been named as PLT-LVDT [42,43]. To improve accu-
racy in measurements, the compression load was applied by semispheres
of tungsten in quasi-static condition, with a load rate of 0.2 mm/min in
two parallel faces (flat faces) of cubic samples. The assay was executed
in a universal Instron machine (Model 5569) with a 50 kN load cell.

The cement pastes were molded with a fixed water to cement ratio
(w/c = 0.5) in small cubic silicone molds (10-mm face; volume ~ 1000
mm?). The fixed water to cement ratio was used to express the cement
strength class according to the Brazilian standard ABNT NBR 16697 [34]
and European Standard EN 197-1: 2011 [36] and to understand what
commercial type of cement we can produce. At least 20 specimens were
molded and vibrated on a vibration table for 60 s to reduce the occur-
rence of molding defects. During the first 24 h, the molds were kept in
atmosphere with high internal relative humidity (RH > 90%). The PLT-
LVDT test of cubes specimens (10 x 10 x 10 mm) was performed at 3, 7,
14, 28, and 104 (91 days only for CI;o - GC) days-age in a dry-surface
saturated condition.

The tensile strength of cubes specimens (10 mm x 10 mm x 10 mm)
was converted for compressive strength values of cylindrical specimens
(27 mm x 54 mm) obtained by a Brazilian test (Figure S.2 - Supple-
mentary Data). For the elastic modulus conversion, it used the

Construction and Building Materials 402 (2023) 132958

following relation: Ecylindrical = 6.68 nglrs_f%v-r (cylindrical with 27 x 54

mm) proposed by [44]. The cylindrical specimens’ dimensions are
smaller and tested in cement paste only when compared with the typical
standard tests (done in a cylindrical of 50 x 100 mm dimensions and
tested using standard sand with the cement); therefore, the results were
converted and expressed as for the standard specimens.

2.4.4. Volumetric composition of hardened cement paste

The capillary porosity (Porositycapillary) was calculated according to
Powers’s model [45] using the hydration degree and combined water
obtained as described in 2.4.1. Eq. (7) to Eq. (13) show the calculations
used to determine the hydrated pastes capillary porosity.

V capillary pores = V paste = V total solids )]
V total solids = V hydrated solids T V anhydrous + V gel water (€)]
V hydrated solids = V cement * DH xdays + (CWxdays * 0.75) 9
V gel water = Vhydrate solids * 0.389 (10)
V anhydrous = V cement * (1 - DH xdays) an
Porosity capittary = V capillary pores / V paste 12)
CS = 0.254 * V capillary pores (13)

where DHydays is the degree of hydration in x days; Cwxdays is the
combined water in x days; Vhydrate solids iS volume of hydrates solids; Vge
water iS volume of gel water; Vanhydrous iS volume of anhydrous cement;
Veapillary pores i the volume of capillary pores; V cement is volume of
cement; CS is volume of chemical shrinkage.

The QXRD of hardened pastes was executed according to procedures
shown in section 2.1. It was using the content of Portlandite, obtained
as described in 2.4.2 as an internal standard. The final volumetric
composition was calculated using the density of phases informed in the
Cemdatal8 database [46].

3. Results and discussion
3.1. Clinkers characterization

3.1.1. Chemical moduli and composition of clinkers

The chemical composition of clinkers was obtained experimentally
(Table S.5 -Supplementary Material). After that, the chemical moduli
were recalculated, as depicted in Fig. 4a. As planned, only the SM and
AM exhibited significant variations. The addition of HI-IOT reduced the
SM from 3.1 to 2.4, however, the values remained within the acceptable
range for Portland clinker (2 to 3) [22]. The main alteration is the
exponential decline in AM correlated with an increase in HI-IOT
(Fig. 4b). This particular alteration has the considerable potential to
impact clinker burnability [47].

The estimated liquid phase (LP) at high temperatures (Fig. 5a) con-
tent doesn’t show significant variations. It stays in an optimal range of
20 to 30%. On the opposite, there are changes in LP content at its initial
formation temperature (1,338 °C) due to AM reduction (Fig. 5b). The Clg
and ClIy 5 display a proper quantity of LP (15 — 25%), and the CI;( seems
have insufficient LP content [24,47].

3.1.2. XRD/QXRD

Fig. 6 presents the X-ray diffraction patterns scans of cement clin-
kers, and the angle regions of isolated phases are given in Fig. 7.

The diffraction band between 11.8° and 12.4° (20) (Fig. 7a) repre-
sents an isolated peak of C4AF; its intensity increases in the function of
the HI-IOT. Consequently, the aluminate peak intensity is reduced, as
verified in the diffraction band between 32.9 ° and 33.6 ° (20) (Fig. 7b).
The region between 30.7° and 31.4° (20) (Fig. 7¢) corresponds to belite.
A significant increase in the intensity of belite for CI; is observed when
compared to the other samples (Clp, CIs, and Clys). The alite
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polymorphs present in range 31.6° and 33° (260) (Fig. 7d) are monoclinic
types (M1 and M3), as expected for clinker Portland [48].

The results of the QXRD analysis are presented in Fig. 8. Indices of
Rietveld refinement are given in (Table S.6 - Supplementary Material).
The alite content (Fig. 8a) is appropriate for clinker Portland Cly, Cls,
and ClIy 5, which are accompanied by a reduction in the belite phase that
contradicts Bogue’s predictions (Table 2). The samples with reduced
liquid phase may fall outside the scope of the Bogue calculation, as it’s
not designed to account for such conditions [21].

Fig. 8b shows the interstitial phase contents (aluminate; ferrite).
Concerning the limits, all samples with HI-IOT resulted in higher C4AF
content and lower C3A content [22] for a Portland cement clinker;
typically 8% and 10%, respectively. However, 10% of HI-IOT in “raw
meal” significantly impacted the liquid phase content at 1,338 °C
(Fig. 5a), hindering the formation of alite. The AM above 1.0 (LP above
14% at 1,338 °C) is enough for alite formation in ideal content (~60%).

Table 4 exhibits the summary of QXRD. The HI-IOT incorporation
doesn’t significantly change the total quantity of silicates and interstitial
fractions. Specifically, this addition reduced the alite/belite ratio by up
to 75%, while the ferrite/aluminate ratio increased to nearly 70%.

Table 4
Mineralogical summary of QXRD results.
Sample Silicates Interstitial Alite/Belite Ferrite/Aluminate
fraction' Fraction? ratio ratio
Clp 85.0 15.0 2.95 0.12
Cls 81.1 17.5 4.88 2.57
Clys 81.7 16.8 2.60 4.42
Clyo 80.2 18.9 1.22 8.45

1 Silicates fraction = sum of alite and belite; 2Interstitial fraction = sum of
ferrite and aluminate.
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Fig. 8. QXRD results for silicates phases (a) and interstitial phases (b) for cement clinkers. Uncertainties from Robin round [49].
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Microstructure of clinkers were analyzed by optical microscopy (see
Supplementary Material, and Table S.5 to S.7). All clinkers exhibit
proper crystals dimensions of belite (20 to 40 pm; type I) and alite
(20——33 pm) [48] and similar porosity range of 20-30%. The edges of
the alite were observed to be free from decomposition.

3.1.3. Physical characterization
Fig. 9 presents the particle size distributions of the clinkers. Table 5
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provides the statistical parameters of the particle size distribution, as
well as other physical properties such as specific surface area and spe-
cific gravity. The results show slight differences in the physical char-
acteristics of the samples.

The specific gravity of Cl, is lower than the others because this
sample has a higher alite content (Specific gravity of 3.04 g/cm?, the
lowest among clinker minerals). While in the other ones, the density
increased in the function of the ferrite content increased (specific gravity
of 3.77 g/cm®, the highest among clinker minerals).

3.2. Characterization of Portland cement pastes

3.2.1. Heat of hydration, setting time estimation

Fig. 10 shows the mineralogical mass composition of cement. The
ferrite content of Portland cement varied from 11 to 15 wt% inside the
values for ordinary Portland cement (OPC) [50]. The lower CgA values
allow for classifying the cement analyzed in this work as sulfate-resisting
Portland cement, CEM I-SR [36].

Table 6 and Fig. 11a show the curves of the heat flow and cumulative
heat curves during 48 h of hydration for Portland cement pastes. The
resemblant particle size distribution of clinkers (Fig. 9) indicates that
this factor doesn’t interfere with the heat generation rate of the cement
prepared in this study.

Due to the reduction of aluminate maintaining the same calcium
sulfate content in samples with HI-IOT, there is an increase in the

Table 6
Fig. 9. Particle size distribution of clinkers. Characteristics of early hydration time.
Samples Reaction Maximum Setting Induction Total
Table 5 . . ) rate peak time by period cumulative
The physical properties of Portland clinkers. (mW/g. (mW/g) ASTM (h:min) heat by 72 h
Samples  SSAggr (m%/g)  Specific gravity (g/cm®)  Characteristics diameters h) C1679-13 /g
(um) (h:min)
Do Dso Doo CIs - GC 1.05 5.31 04:35 01:15 254.1 + 4.8
Cl;5 - GC 1.03 4.46 04:20 01:20 2449 + 4.8
Clp 0.736 3.19 + 0.008 24 116 428 Clip-GC  1.32 3.93 04:30 01:15 235.7 + 4.8
Cls 0.688 3.22 £ 0.001 35 121 400 H- OPC 1.06 3.81 05:30 01:50 224.4 + 4.8
Clys 0.711 3.24 £+ 0.005 2.9 11.5 37.0
Clio 0.781 3.27 + 0.010 41 131 447 * Repeatability standard deviation (within laboratory) by robin round test [53].
12.06% 4 5g0,, 19.86% 2.71%
11.01% 11.98%
4.83% 4.83%
5.17% 5.17%
3.84% 3.84%
58.81%
° S Lo 51.61%
5 CL, .- GC
C,S B-C,S C,AlM C,AF
Aragonite Calcite Calcium Sulfate
1.74% 13.42%
31.47% 0,
0 14.69% 3.929%
5.88%
4.83%
5.17% 8.98%
3.84% 65.53% 2.27%
Cl,-GC H-OPC

38.25%

Fig. 10. Mass composition of anhydrous cements.
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Fig. 11. Heat released curves (a) and their relationship with HI-IOT content (Dash lines are fitted for y axis) (b).

gypsum/CsA ratio from 0.90 to 2.20 between 5 and 10 wt% of HI-IOT,
respectively. Then, it leads to C3A hydration retard in the sequence
CI;p - GC > CI; 5 — GC > CI5 — GC [51], as given in the heat flow profile
between 7 and 14 h. Furthermore, the heat released data indicate a
reduction in the maximum peak when HI-IOT was incorporated, as well
as the total cumulative heat (Fig. 11b). This can be attributed to the
reduction of more reactive phases, such as alite and C3A [52].

3.2.2. Monitoring hydration using TG/DTG

Fig. 12a displays the amount of CH that has been formed. The Cljg -
CG exhibits the lowest CH values, which can be attributed to its lower
alite content (44 % g/g) (Fig. 8). In contrast, the H-OPC presents 7 to

14% more alite than the other samples (CI5 — GC and CI; 5 -GC). For this
reason, its CH content is highest. These variations in CH precipitation
can be attributed to several factors besides the alite content, such as
belite content, alite solubility, and microstructure [52,54].

The H-OPC sample exhibits a higher reactivity during the initial ages
(Fig. 12b), as expected for the Brazilian high initial strength Portland
cement. The combined water is within 20 — 28 wt% in the analyzed
period. While the other samples hardly exceed 23 wt% in the same
period. Although H-OPC has higher combined water, the hydration de-
gree (HD) has slightly higher values in the initial ages only, then they are
equal or even have a lower hydration degree than the other samples
(Fig. 12¢). The higher belite content (36 % g/g) in the CI;o — CG caused
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Fig. 12. Amount of portlandite (a), combined water (b) and hydration degree. Single caption. HD for CI;o — GC at 104 days was estimated by logarithm fit.
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an increase in reactivity at advanced ages because the C2S component
dissolves more slowly than the C3S component [52].

3.2.3. Mechanical properties by reduced size test

Fig. 13 presents the mechanical properties of the samples. It shows a
high correlation with hydration behavior (Fig. 14a and b). The H-OPC
in the initial 28-day period demonstrates a high evolution of the
compressive strength that subsequently reduced and stabilized over time
(Fig. 13a). Conversely, the other samples exhibit an initially slower rate
of compressive strength development, but their mean values surpass that
of H-OPC after 28 days.

About elastic moduli results (Fig. 13b), slightly differences were
observed when clinker incorporated HI-IOT in relation to the H-OPC
(reference); particularly, before the 28-days of age. The difference
increased with the increase of HI-IOT replacement in the clinker Port-
land cement. After the 28-day of age, 5% of HI-IOT replacement resulted
in the highest elastic moduli, superior of the H-OPC (reference), and no
more differences of elastic modulus for 7.5 and 10% of HI-IOT

Construction and Building Materials 402 (2023) 132958

replacement in clinker Portland, in comparison with the reference; H-
OPC. The elastic modulus results followed a similar tendency of those
observed for compressive strengths, but the differences observed are
reduced. Specifically, the elastic modulus at 28-days age yielded values
of 12.33-13.17 GPa, within the expected range for a cement (10 — 30
GPa) [55].

The differences in compressive strength among the samples can be
attributed to several factors. In this study, the hydration of silicate
phases has a strong influence on strength development. The samples
with higher alite content show higher compressive strength values in the
early stages (up to 28 days), while the progressive increase at advanced
age in compressive strength is primarily due to belite content [56,57].

Under the conditions tested, up to 7.5% (g/g) of HI-IOT can be
incorporated in “raw meal” to produce Portland cement with similar
reactivities to that observed for the H-OPC. 10 % g/g of HI-IOT impaired
the cement paste strength due to reduced alite content (Fig. 8). Thus,
these results classified the samples CIs — GC and CI; 5 — GC as CEM 1 42.5
R, and the CI;p — GC is more suitable for CEM I 32.5 R according to
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Fig. 13. Evolution over time of mean tensile strength (a) and mean elastic modulus (b). Lines represent the fitted curves. Results for CI;o — GC at 104 days were

estimated by logarithm fit.
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European standards [36].

The compressive strengths for the 7.5% (g/g) of HI-IOT achieved
34.80 MPa (3 days-age), 54.10 MPa (7 days-age), and 71.20 MPa (28
days-age). All compressive strength results were superior to the mini-
mum required by Brazilian standard ABNT NBR 16697 [34] and Euro-
pean Standard EN 197-1: 2011 [36] for commercial cement
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specifications, including the high-initial strength ones [34]. Both stan-
dards use water to cement ratio of 0.5 to produce the cement pastes.
Once the use of water reducing agent is crucial for the cement applica-
bility, we recommend to overcome the limitations of our investigation
simulating reduced and other water-to-cement ratios, as done by Oli-
veira et al. [42].
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Fig. 16. Volumetric composition of cement pastes over time for Cls-GC (a), Cl;5 — GC (b), Cl;o — GC (¢) and H-OPC (d). Calcite (C) and Aragonite (R). Phase

quantification by QXRD (Table S.8 and Table S.9 - Supplementary Material).
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Fig. 15 illustrates the correlation between compressive strength and
the combined water fraction (cwf) [39] for cement pastes. The findings
indicate that distinct cwf values may be required for the same
compressive strength (Fig. 15a), and the ClI; 5 — GC requires less com-
bined water consumption while maintaining the same strength class
(Fig. 15b). Consequently, factors apart from combined water fraction,
such as porosity and mineral phase hydration, can govern these me-
chanical strength outcomes.

3.2.4. Evolution of the volumetric composition of the cement paste

Fig. 16 shows the volumetric composition diagrams of cement pastes
over time. The samples displayed the hydrates for limestone cement
[58]. Ettringite is more prominent at three days and nearly absent before
that (Figure S.3 — Supplementary Material). The monocarboaluminate
was the main Afm phase formed from the reaction of CaCO3 with C3A
and/or C4AF [59]. Due to the low aluminum content in the samples, Fe-
monocarbonate was presumably forming as well [46,60].

The expected product of ferrite hydration is the Fe-siliceous hydro-
garnet. However, its detection using XRD require more treatment since
the first peak of this phase is located near a CH peak (20 ~ 17.47°) [46].
Thus, the ferrite hydrate wasn’t incorporated into the volumetric
composition.

The hydration of silicate phases resulted in C-S-H and Portlandite
formation [56]. The C-S-H formed is the most significant difference
among the samples (Fig. 16). The H-OPC sample shows stabilization in
C-S-H formation around ten days of hydration, whereas the CI;(-GC
sample has continued to increase its C-S-H content without stabilization.
This circumstance may be attributed to the lower amount of silicate
anhydrous present in H-OPC before ten days of hydration and their high
reactivity in early ages.

Thus, the most notable disparity resulting in hardened cement pastes
behavior is the anhydrous phase content, mainly in belite phase, as
given in Fig. 17b. Consequently, the anhydrous phase represents a
crucial mechanism for assessing the mechanical strength of hardened
cement pastes (Fig. 17a), mainly in advanced ages, in addition to
porosity and degree of hydration.

4. Conclusions

The lab-scale test approach used herein was potentially relevant to
find the correlations between chemical, physical, mineralogical, and
mechanical properties obtained in the study and an accurate assessment
of the optimal conditions for using these tailings as an alternative raw
material in clinker production. All results were obtained in a laboratory
using reduced-sized scale tests, but it was enough to clarify the
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reactiveness and strength evolution potential for the industrial scale
application.

The substitution of clay by Brazilian iron ore tailing with mainly iron
oxide contents is promising up to 7.5 wt% in the clinker raw meal, and it
was suitable for producing a Brazilian high initial strength Portland
cement. It obtained compressive strength results of 34.8 MPa, 54.10
MPa and 71.20 MPa at 3 days, 7 days and 28 days-age, respectively.
Besides that, up to 10 wt% in the clinker raw meal can produce Portland
cement with 32 MPa strength class and possibly sulfate-resistant cement.
This kind of cement shows improvement in mechanical strength after 90
days, compatible with the construction of dams and other types of
infrastructure construction sites.
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