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a b s t r a c t

Mining tailings are becomingmore andmore abundant and consequently it has been shown

to be a material of great concern, especially after the dam failures in Brazil, Bento Rodrigues,

2015 and Brumadinho, 2019. In this work, iron ore tailings (IOT) were used as an aggregate in

the production of geopolymers based on metakaolin used as a precursor and activated in

alkaline solution. The alkaline solution was produced from a commercial solution of sodium

silicate Na2SiO3 (SS) and a 10 M solution of sodium hydroxide NaOH (SH) prepared from solid

flakes (3:1 mass ratio of SS:SH). Two syntheses were carried out, one by mixing metakaolin

(MK) with the activator solution (AS) (1:1 mass ratio of MK:AS), called matrix, and another

with the addition of aggregate (AG) to the matrix (1:1:2 mass ratio of MK:AS:AG), called geo-

polymer. XRD, FTIR, M€ossbauer and SEM were used to analyze the inputs and materials

produced, in addition to the analysis of compressive strength. Thematrix reached a strength

of 45.88MPawith 7 days of curing,while the addition of IOT generated an increase in strength

to the material, reaching values between 59.59 and 64.90 MPa also with 7 days of curing.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Iron oxide concentrates usually composed by magnetite

(Fe3O4) and hematite (Fe2O3), when submitted to metallurgical

processes in presence of reductants, will producemetallic iron

alloys. Despite 50 countries in world been responsible for

producing all iron ore concentrates, Australia and Brazil

dominate three quarters of total world production [17].
erreira).

y Elsevier B.V. This is
).
Most iron ore concentrate are exploited from low grade

deposits. The growing iron ore demand have led to increase

tailings production in the mineral processing plants [14].

Tailing dams consist of the mostly employed engineering

structures built for high-capacity tailing storage [2]. The larger

the tailings dam, the grater is the concern about its geotech-

nical stability and failure of these structures can lead to

catastrophic consequences including human, environmental
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and economic loses [2,14]. The risk of tailings dams failure is a

concern of the whole world since the recent tailing dams

accidents, Brumadinho (Brazil), Bento Rodrigues (Brazil)

Kayakari (Japan), Karamken (Russia) [13]. Most mineral in-

dustry plants are adapting to more sustainable tailing storage

processes focusing on testing better tailings disposal methods

including dry stacking and storage in exhausted pits [7,15].

Other tendency observed for new iron ore projects is the

improvement of mining methods and plant designs obtaining

dried and low-grade tailings with reduced masses and

consequently, geotechnically more stable [9,16].

Co-products (geopolymers) can also be produced using

tailing eliminating or reducing the storage in tailing dams

[5,10]. Geopolymers are ceramic-like inorganic polymers

produced at low temperature, usually below 100 �C, and

consist of chains or networks of mineral molecules linked

together by covalent bonds, in which the raw materials are

mainly minerals of geological origin, hence the name “geo-

polymer” [4]. According to [10] alkali-activated materials

(AAM) involve the synthesis reaction of raw materials rich in

silicon and aluminum with a highly alkaline solution. When

Al and Si ions are released into solution, they begin to form a

new 3D network sharing oxygen atoms. Other elements,

such as Fe, Mg and Ca, also contribute to this reaction,

forming hydrated calcium (sodium) aluminosilicate (Ca-(N)-

A-S-H) or double hydroxide with Mg-Al layer. When the

calcium content is low, alkali-activated materials are called

geopolymers, generating hydrated aluminosilicate (sodium)

(N-A-S-H) [10]. However, NASH may not be a good abbrevi-

ation, as geopolymers after hardening form polymers with a

stable three-dimensional network, having no water or

hydroxyls in their structure [3].

The potential usage of mine tailings as a rawmaterial with

AAM has attracted many researchers and laboratory-scale

studies have been conducted [5,10,11]. These applications

are becoming a challenge due to the low reactivity of tailings,

evidenced by their mineralogical composition. However, they

can be used as an inert load in the AAM technology having as

precursors materials, metakaolin, fly ash or blast furnace slag

[10]. This recent technology can be used in several ways and

for numerous productive purposes, such as encapsulation of

waste (toxic or not), cements for concrete, geotechnical sta-

bilizers for piles of waste and tailings and much more [1,3,10].
Fig. 1 e Specimens produced (from left to right the rows

was classified by B, M, C, D, E and F, being only M a matrix

and the others geopolymer).
2. Materials and methods

2.1. Materials

The iron ore tailings (IOT) were obtained from Samarco's iron

ore concentrator (Brazil). The metakaolin (MK) was obtained

from Jundiaı́, S~ao Paulo, Brazil. The alkaline activator, the so-

diumhydroxide flakes,NaOHand sodiumsilicateNa2SiO3were

commercial products obtained with purity greater than 97%.

2.2. Alkali activator solution and sample preparation

The alkaline activator solution was produced by mixing a

10 molar NaOH solution with a sodium silicate, Na2SiO3, so-

lution in a mass ratio of 1:3.
Matrix (M) and a geopolymer mortar were prepared. As

presented in Fig. 1, mortars containing the matrix (M)

composed by a mixture of metakaolin (precursor) and alka-

line activator solution in same mass ratio proportion (1:1).

Geopolymer mortar was also prepared mixing metakaolin

(precursor), the alkaline activator and the IOT as aggregate.

The proportions mass ratio of (1:1:2) respectively. These

products were mounted in 6 rows containing 9 mortars each.

The mortars were mounted a cylindrical PVC mold,

measuring 3.4 cm in diameter and 6.8 cm in height. In Fig. 1,

from left to right the second row is composed by Matrix (M)

and the other rows are composed by geopolymer mortars (B,

C, D, E and F).

2.3. Characterization

Uniaxial compression tests for mechanical resistance evalu-

ation were carried out in an EMIC 100 tons total capacity hy-

draulic press. Each test was conducted using a 30-ton cell.

Resistance tests were performed for 1, 3 and 7 curing days. For

each day 3 mortars were tested. The X-ray diffractometry

(XRD) spectra of pulverized samples (<150 mm) was generated

acquired by on a Philips-PANalytical diffractometer model

PW3710, using CuKa radiation and a graphite mono-

chromator, range 3 e 90� 2q, step 0,02� 2q time per count 3sec.

The FTIR technique used was the attenuated total reflection

(ATR) with diffuse reflection (DRIFT) that permit to obtain

spectra of specific groups of the solids in differential IR

7absorption in specific wavelengths (4000e400 cm�1). The

samples were finely pulverized (<5 mm) and mounted in a

transparent KBr matrix. The FTIR spectrometer used was a

Bruker, model Alpha. The MEV/EDS was carried out in a Zeiss-

Merlin Microscope. The EDS was made with working distance

of 10mmand beamacceleration of 15 kV. TheM€ossbauer tests

were performed in a LakeShore Vibrant Sample Magnetom-

eter, model 7400 series.
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Fig. 3 e X-Ray Diffractometry of metakaolin and tailings

inputs, and of matrix and geopolymer products.
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3. Results and discussion

3.1. Physical-chemical characteristics of geopolymers

The iron ore tailings presented 86.25% of silicon dioxide (SiO2),

11.89% of ferrous oxides, 0.43% of aluminum oxide and 0.57%

of calcium oxide and its particle size distribution is presented

in Fig. 2.

Chemical analysis performed on the Metakaolin (MK) pre-

sented the following results: 55.5% SiO2, 36.5% Al2O3, 2.0%

Fe2O3, 1.0% TiO2 and 1.5% K2O. The sodiumhydroxide purity is

higher than 97%. Sodium silicate contains a mass ratio (SiO2/

Na2O) equal to 2.20, containing 14.88% Na2O and 32.73% SiO2,

with a percentage of total solids of 47.61%.

3.1.1. X-ray diffraction e XRD
To participate in geopolymerization reactions precursors

must be submitted to mechanical or thermal activation to

alter the crystalline phase to an amorphous one. To enhance

reactivity the crystalline phases must be composed by silicon

and aluminum [12]. The IOT would enter exclusive as

aggregate since this material did not undergo any previous

activation treatment and also due to absence of aluminum

atoms. According to [12]; due to the high activation costs the

best choice for tailings with low reactivity is their application

as aggregates in geopolymers.

Figure 3 shows the presence of quartz in all diffractograms.

In addition to quartz, the main peak of kaolinite also appears

in the metakaolin sample, however this peak has a very low

intensity, which indicates that the material had good calci-

nation and practically all the kaolinite was calcined, on the

other hand, it shows that the ore used in the calcination was

not a pure kaolinite, since the quartz phase was found, which

did not undergo amorphization after thermal treatment. The

matrix DRX spectra is quite similar to the MK spectra. Quartz

and very low intensities are presented for kaolinite probably

due to the alkaline activation of Al and Si atoms associated to

the MK amorphous phase. In the IOT spectrum, it was iden-

tified quartz, hematite and goethite phases. The same phases

identified for the IOT was found in the geopolymer spectrum.

These phases do not appear in the diffractogramof thematrix,

meaning that the presence of the IOT provided those crys-

talline phases, with exception of quartz that appears in the

matrix, but the phase has a great increase in intensity. It is
Fig. 2 e Tailings particle size distribution.
evident that IOT acts only as an aggregate producing an IOT

geopolymer.

3.1.2. Fourier transform infrared spectroscopy (FTIR)
The principal band characteristic of the amorphous 2SiO2.Al2-
O3 appears at approximately 1016e1037 cm�1 when standard

metakaolin is under study [8]. According to [8]; the asymmetric

stretching vibration band of SieOeT (T¼ Si or Al) is responsible

for this band and such values vary according to the increase in

the content of the element T. The presence of Al-rich phases

into the raw kaolin contributes to the shift of the band to lower

wavelength values reaching 980 cm�1. In turn, the wavelength

increases for Si-rich phases reaching values above 1090 cm�1

[6] identified values around 1085 and 1057 cm�1 in wavelength

of this band for IOT. In Fig. 4, this band can be identified in the

metakaolin (1038 cm�1), which indicates a kaolin not so rich in

aluminum, but not with very high concentrations of Si, being a

kaolin close to the standard. It was also possible to observe this
Fig. 4 e FTIR spectra of metakaolin and tailings inputs, and

of matrix and geopolymer products.
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Fig. 5 e M€ossbauer spectra of 57Fe obtained at room

temperature (RT) from the inputs metakaolin (A1-MK) and
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products (A4 and A6 - AM2) and geopolymer (E7 and E9 e

AM2).
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band for the IOT, where the Al concentration is low and the Si

concentration is very high, in which the values between 1056

and 1164 cme1 are attributed to the asymmetric stretching

vibration band of SieOeT (T ¼ Si-rich). A slight band is also

observed in this interval in the geopolymer sample. During

dissolution, the band changes slightly to low wavelength

values: 1000 cm�1 and then 960e980 cm�1 when the geo-

polymerization process is completed, where the wavelength

stabilizes around 987e1010 cm�1, justifying the bands found

around 985 cm�1 in the matrix and geopolymer spectra. The

bands between 796 and 694 cm�1, related to symmetrical vi-

brations of Si-O-T bonds [6], this band appears in the spectra of

geopolymer, tailings and metakaolin. The stretching vibration

band of the Fe-O bonds is centered at 518 cm�1 [6] and this

appeared in every spectrum, attributed to the Fe bond.

Stretching vibration bands are found between 3700 and

3600 cm�1 associated with O-H bonds and a small band at

1654 cm�1 is associated with the eOH bending vibration of

water [6]. In the Figure above it can be seen clearly note the

appearance of two regions of bands close to the values indi-

cated in the geopolymer and in the matrix, which is possibly

due to the residual water present in the bodies, however in the

first case the bands are shifted to lower values. Another band

that appears after the production at both mixes is the band at

approximately 1380 cm�1, which possibly indicates an excess

of sodium in the chosen mixture, generating the production of

sodium carbonate, since according to [8] the presence of bands

between 1430 cm�1 and 1450 cm�1 is attributed to the asym-

metric stretching of the OeCeO bonds in CO3
2� formed by the

reaction between the extra Naþ, Kþ,… and atmospheric CO2 on

the surface of the geopolymer network [6]. identified the

presence of sodium carbonate (Na2CO3) by the broad hump at

approximately 2892 cm�1, which was not observed in the

matrix and geopolymer spectra, but due to its elongation, it

may overlap with the stretching vibration bands of O-H bonds

shifting it to lower wavelength values.

3.1.3. M€ossbauer
The M€ossbauer 57Fe spectroscopy makes possible to differ-

entiate Fe atoms combined with oxides from those associated

with the geopolymers molecular structure in which Fe

replaces Al [5].

The 57Fe M€ossbauer spectra allow to follow the trans-

formation of ferro-kaolinite into ferro-metakaolin during

calcination. Observing the two parameters of the doublet

spectrum, IS (isomer-shift) andQS (quadrupole-Split), thevalue

of QS increases considerably during calcination, from

QS¼ 0.60mm/s for initial ferro-kaolinite toQS¼ 1.00e1.50mm/

s at IS¼ 0,20. Thesefinal values are characteristic of Fe3þ atoms

in the tetrahedral structural position [IV].

According to Fig. 5, the IS value obtainedwas 0.31mm/s for

metakaolin sample and 0.33 and 0.32 mm/s for the matrix

samples. These values indicate the Fe3þ present in the

kaolinite structure, however, as the quadrupole-Split QS

values were 0.68 mm/s, 0.63 mm/s and 0.66 mm/s, respec-

tively, not reaching higher QS values it is understood that the

ferro-kaolinite structure present in metakaolin did not suffer

changes to ferro-metakaolin. This means that the Fe atoms

present in the structure of ferro-kaolinite do not convert into

ferro-metakaolin and, consequently, are not substituting Al in
the geopolymer structure. The iron present in the IOT sample

is found in the presence of oxides, since they all have the

magnetic hyperfine splitting in their spectra. This is also

evident from DRX and SEM tests results.

3.1.4. Scanning electron microscopy (SEM)
As can be seen in Fig. 6 of the SEM/EBSD, the Fe found in itemF is

present in specific locations that in the other items are dark, that

is, they are not found in the presence of the other elements,with

the exception of oxygen, again indicating that the Fe present in

metakaolin is not acting in the geopolymermatrix as part of the

tetrahedral network that gives rise to the structure of the

material, but as a granular material in the aggregate function.

For the elements silicon and aluminum (items E and D,

respectively) it is also possible to verify points of concentra-

tion of these elements, which probably represent quartz and

kaolin particles, which did not undergo calcination or that the

reaction with the activator did not take place. However, in

some cases this reaction began to occur, as in those places in

item C that are darker than the general matrix of the formed

geopolymer bond, but which are not completely dark, as they

are not free of sodium atoms. Completely dark places are

those where the activator does not react.

It is possible to perceive a large geopolymer network, given

that the elements O, Na, Si and Al appear forming a concise

https://doi.org/10.1016/j.jmrt.2022.03.192
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Fig. 6 e SEM of the matrix (A), with EBSD of the elements oxygen (B), sodium (C), aluminum (D), silicon (E) and iron (F).
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structure in most of the sample, which indicates similar

concentration of each element in the sample. These locations

of continuous concentration of the elements indicate a well-

formed network, indicating a very-well concentration of

formed geopolymer.

3.2. Compressive strength of geopolymers

In Fig. 7, it can be verified initially that the increase in the

strength gain of the geopolymer is greater in the first days,

with around 50% of the gain in strength acquired on the sev-

enth day being gained in the first 24 h for the geopolymers and

around two thirds for thematrix. The compressive strength in

the initial 24 h was awfully close for both materials. Then the

increases were higher for the mortar (with IOT), and the

material after 7 days of curing reached values between 59,59

and 64,90 MPa with geopolymers with tailings and 45,88 MPa

for the material without aggregate.
Fig. 7 e Compressive strength of matrix (M) a
This gainmay be associated with some factors, such as the

fact that thematrix is produced bymixing two parts, one solid

and the other liquid, having a high water/total solids ratio

(0,427:1), which is greatly reduced with the addition of aggre-

gate (0,183:1) and, and that higher values of this relationship

are considered a problem for cementitious materials in

general, the rule being also valid for the case of geopolymers.

It is also understood that the water/alkaline ions ratio is

not significantly altered only with the addition of water to

improve workability, which would not generate problems in

the dissolution of the inputs, however it is understood that

with the addition of the aggregate, the attack of the ions to

the precursor elements happens slowly, which can favor the

construction of three-dimensional networks of geo-

polymers, creating more complex, bigger and more resistant

structures.

The free water in the system could also generate an in-

crease in matrix shrinkage, since the water would move more
nd geopolymer mortar (B, C, D, E and F).
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easily without the presence of the aggregate, so that it could

be evaporated more quickly, and this, consequently, could

generate a higher rate of cracks and structural problems. On

the other hand, in the presence of aggregate, the curing would

be slower, having water in the system for a longer period,

helping in the greater formation of oligomers and generating

larger chains of molecules that would withstand greater

resistance, especially at higher curing times, As in the case of

7 days, where the strength gain in relation to strength on day 3

was close to 25% in specimens from C to F and 30% in speci-

mens from B, while, in turn, the matrix specimens had a gain

of less than 10% in their strength for the same period.

Another point of possible gain in the use of tailings is

associated with the characterization generated by the effect

that a filler material, that is, an aggregate of high fineness, as

can be seen in Fig. 2, which can favor a mortar binding

structure, increasing its workability, reducing its capillarity

and the permeability of the mass produced, since the filler

material acts with micro aggregates in the MAA, filling pore

volume and making the microstructure denser.
4. Conclusions

Results from chemical and mineralogical characterization

demonstrated that the metakaolin was not pure in composi-

tion presenting in its structure aluminosilicate particles that

did not polycondense into geopolymer paste, which indicates

that part of the kaolinite was not sufficiently calcined

inducing problems dissolution. These aspects have a negative

impact on the paste produced. However, in the broad sense it

showed a good process of condensation in geopolymer as

observed in SEM results and in the compressive strength,

reaching 45.88 MPa in 7 days of curing.

The production of geopolymer mortar with IOT as aggre-

gate increased the geopolymer compressive strength

compared to the matrix one, however, this gain can be asso-

ciated with some advantages when adding aggregates in

cement pastes in the production of mortars and concretes.

This was determined by the fact that IOT have a well-defined

crystalline structure, as shown by the XRD results, and, even

after the geopolymer polycondensation, the crystalline pha-

ses remained the same as analyzed previously.

The compressive strength result presented from both,

matrix and mortars, were high indicating that these products

can be used in some industrial applications. The geopolymers,

producedwith the addition of IOT as aggregate reached higher

compressive strength than the matrix one, showing IOTs can

act satisfactorily improving geopolymers quality.

The great compressive strength obtained with the IOT

geopolymer compared to the matrix one can be explained by

some factors, such as the high shrinkage in the matrix due to

the easy movement of water in the paste without IOT, or the

excess of water ratio to solid materials in the matrix. This is

reduced in the IOT geopolymer since water is spelled way the

IOT geopolymer structure.

It is also understood that the addition of aggregates has a

maximumlimit to increase the strengthof thegeopolymer, since

low amounts of geopolymer matrix would result in little geo-

polymeric binding with no adhesion matrix/aggregate particles.
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