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� The application of iron ore tailing as primary source material to geopolymerization.
� Effect of glass wool residue as a blend for iron ore tailing-based geopolymer.
� High mechanical performance at 7 days of curing was observed for the geopolymers.
� Glass wool residue led to a reduction in mechanical strength.
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This work presents an evaluation of the application of iron ore tailing as primary precursor material to
geopolymer production. Glass wool residue from the iron ore industry was also included as a blend mate-
rial. Four mixtures of geopolymers were produced: one mixture using only iron ore tailing; three mix-
tures where the iron ore tailing was replaced by the glass wool residue, with a substitution ratio of
10%, 20% and 30% (in mass). Furthermore, three different grinding times and three NaOH solution concen-
tration were applied. Compressive strength and flexural strength tests were performed in prismatic spec-
imens at 7-days, and the microstructural analysis of the fragments was obtained by SEM analysis. QXRD
analysis based on the Rietveld’s refinement method and TG/DTA analysis was applied for all specimens.
The results showed the synthesis of a zeolite phase in all specimens, and the SEM micrographs showed a
transformation process of the glass wool residue. Finally, high mechanical performances were found to
the iron ore tailing-based geopolymer, reaching values higher than 100 MPa for compressive strength
and 20 MPa for flexural strength. The obtained values are related to the grain packing improvements,
geopolymerization products, and the glass wool residue working as a supplementary precursor material
to the geopolymerization reaction. The result points to the potential of iron ore tailing and glass wool
residue to geopolymers studies and application.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Geopolymers are inorganic materials produced by alkaline acti-
vation of aluminosilicate materials through the geopolymerization
reaction. In a highly concentrated alkali hydroxide or silicate
solution, the aluminosilicates form a very stable material with
amorphous or semi-crystalline polymeric structures with intercon-
nected Si-O-Al-O-Si bonds called geopolymer [1–3]. Typical
examples of precursor materials to the geopolymer synthesis are
metakaolin, fly ash and slag.

Currently, Portland cement is the most used binder and one of
the main responsible for the low environmental performance of
conventional concrete. Cement production accounts for 5–7% of
total global CO2 emissions [4–7]. Furthermore, concrete structures
under specific environmental conditions exhibit some durability
problems. This important aspect related to serviceability life of
the structure is the capability to resist the mechanical actions,
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physical actions, and chemical aggressions that it is subjected to
over their expected service life [8].

Geopolymer binders arise as an alternative to Portland cement
with considerable advantages. They have superior durability prop-
erties such as sulfate resistance, acid resistance [9,10], fire resis-
tance [11], and chloride ion penetrability [12]. Geopolymer
samples reach high mechanical resistance in a few hours of synthe-
sis, and its application results on environmental and economic
benefits yielded by the application of residues and by-products
as precursor material [13].

Brazil generates and disposes of in tailings dams around 184
million tonnes of iron ore tailings (IOT) annually [14]. For this rea-
son, Brazilian mineral industry is investing on environmental pro-
grams that aims to residue reduction, proper disposal,
improvements in the maintenance and monitoring of tailings dams
[15]. In this sense, several studies have been conducted focusing on
the reuse of IOT in new materials for civil construction, including
the use of IOT as a recycled aggregate [16–20], pigment for sustain-
able paints [21], and eco-friendly bricks [22].

The iron ore industry generates other residues in the benefac-
tion process of iron ore. Glass wool is used as insulation material
for the pipes and pellets furnaces, and after service life, the mate-
rial is discarded in controlled landfills as glass wool residue (GWR).
However, previous research showed that this material shows poz-
zolanic reactivity and a predominantly amorphous structure [23].

Reviewing the previously published findings, very few research-
ers have studied the application of IOT as a precursor material to
geopolymer synthesis. Some works show the effects of the IOT
employment as a blend material to the geopolymer production
[11,24]. Therefore, this paper studies the feasibility of IOT usage
as the primary precursor material to the geopolymer production.
Additionally, the effects of the GWR as a supplementary precursor
material into the IOT-based geopolymer is also evaluated. As a
result, a geopolymer material produced using two different resi-
dues from the iron ore industry was proposed, and promising
results were obtained.
Table 1
Geopolymers mixture design.

Mixture IOT GWR Liquid/Solid**

ID (g) (g) (ad.)
IGG 81 – IG 123* 1500 – 0.27
IGG 10310 1350 150
IGG 10320 1200 300
IGG 10330 1050 450

* Includes all specimens belonging into the range;
** IOT and GWR were both considered solids.
2. Experimental procedure

2.1. Materials

The IOT used in this study was collected from an iron ore tail-
ings dam geographically located in the city of Ouro Preto, Brazil.
The GWR was obtained from an iron ore port industrial complex
located in the Espírito Santo State, Brazil. Both materials are resi-
dues generated in two different production stages of the iron ore
mining industry. The chemical compositions of IOT and GWR were
determined by X-Ray Fluorescence (XRF), and the mineral phase
composition by quantitative X-Ray Diffraction (QXRD) based on
Rietveld’s refinement method [25]. Thermogravimetric and ther-
mal differential analysis (TG/DTA) were also used in the character-
ization procedure.

The IOT and GWR were firstly oven dried at 100 �C for 24 h, and
a grinding method was applied to yield the reactivity. The grinding
times to IOT were 1 h, 2 h, and 3 h, which related powders obtained
were named here as IOT-1, IOT-2, and IOT-3, respectively. The
GWR was ground for 30 min and was used the fraction passed
through the #320 mesh (45 lm) sieve. A laboratory horizontal ball
mill (MA500, Marconi) was used to all precursor materials using 32
stainless steel spheres (diameter of 32 mm). After grinding, the
particle size distribution of the powders was determined by laser
diffraction using an analyzer Bettersize 2000 with isopropyl alco-
hol as a dispersant.

The alkaline activator applied in this research was a simple
solution of sodium hydroxide in three different concentration:
8 M, 10 M, and 12 M (mol/L). The solutions were prepared by dis-
solving NaOH pellets (analytical grade, purity > 98%) in distilled
water.

2.2. Mix design and specimen preparation

Specimens of IOT-based geopolymer (IG) were prepared, as well
as IOT-based geopolymer blended with GWR (IGG). The IG speci-
mens were produced with all activator solution concentrations
(8 M, 10 M, and 12 M), and all grinding times (IOT-1, IOT-2, and
IOT-3). The terminology applied was IG XY, where IG refers to pre-
cursor material, X refers to NaOH solution concentration, and Y
refers to grinding time. The IGG specimens were produced for
the 10 M solution concentration and 3 h of grinding time. The ter-
minology applied was IGG KWZ, where IGG refers to precursor
material and blend, K refers to NaOH solution concentration, W
refers to grinding time, and Z refers to substitution ratio (i.e., IOT
substitution for GWR in mass).

The mixture procedure of the IOT specimens and NaOH solution
(all grinding times and solution concentrations) are described as
follows. The NaOH solution was placed in the batch of the standard
cement mortar mixer (JJ-5 Type), and then the solid precursor was
added in sequence. The geopolymer was mechanically mixed for
3 min at slow speed, followed by more 3 min at high speed. For
the blended geopolymers, the IOT and GWR were firstly manually
homogenized, and then the same mixture procedure was applied.
The fresh geopolymeric pastes were cast in prism molds
(40 � 40 � 160 mm), and after they were compacted in a labora-
tory mortar flow table (30 strikes). The samples were cured in a
laboratory oven (100 �C) for seven days. The liquid to solid (L/S)
ratio was set at 0.27 for all samples. Table 1 shows the mixture
design of the produced geopolymers.

2.3. Testing methods

Mechanical properties and microstructural characterization
analysis were performed on the geopolymers samples as follows:

i. The specimen nominal density was calculated dividing its
weight by its volume prior to the flexural strength test.
The average value of the three specimens was taken as the
result of the specific mixture.

ii. The 7-days compressive and flexural strength was measured
based on the standard method [26]. Three specimens of each
mixture for flexural test and six specimens of each mixture
for compressive strength were tested. A hydraulic press
EMIC DL 20,000 was used with a 200 kN load cell; the load
increment adopted was 0.25 MPa/s. All values presented in
the current work were the average values of three tests
(flexural strength), and six tests (compressive strength) with
the error reported as a standard deviation from the mean.

iii. Quantitative X-Ray Diffraction (QXRD) was conducted using
a Bruker D2 Phaser 2nd Generation powder X-Ray diffrac-
tometer, with CuKa (1.54184 A) radiation; tube setting to
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be 30 kV and 10 mA; a step size of 0.021�; step time of 1 s
and a 2h range of 7�–60�. The Rietveld refinement was car-
ried using the software X’Pert HighScore Plus with the Crys-
tallography Open Database (COD). The samples were
crushed frommechanical test fragments and passed through
a #200 mesh (75 lm) sieve. Two different samples of each
specimen were representatively collected and used for the
QXRD analysis. All results values presented in the current
work were an average of two samples, with the error
reported as a deviation from the mean.

iv. The simultaneous thermal analysis (TG/DTA) was performed
using a Shimadzu DTG-60H instrument. The powder sam-
ples (particle size < 75 lm) were put in a platinum crucible,
and heated from 25 �C to 1000 �C at 10 �C�min�1 rate, in an
N2 atmosphere (ll�min�1). One sample of each mixture
was also collected from mechanical test fragments for the
TG/DTA analysis on the same day of their rupture.

v. Scanning Electron Microscopy (SEM) with energy dispersive
X-Ray Spectrometry (EDS) analysis and secondary electrons
(SE) was performed using a TESCAN VEGA 3 microscope. The
samples were obtained from crushed specimens of the com-
pressive strength test (fracture method) and analyzed on the
same day of their rupture.

3. Results and discussion

3.1. Materials characterization

Table 2 shows the XRF results of IOT and GWR in oxides. The
IOT has high amounts of silicon and iron oxide, and low amounts
Table 2
Chemical elements by XRF of IOT and GWR.

Material ID Oxide Elements

SiO2 Al2O3 Fe2O3 C
(%) (%) (%) (

IOT 40.0 8.7 48.9 –
GWR 43.7 17.6 12.0 1

* Oxide Elements values lower than 1%.
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Fig. 1. XRD patterns of the evaluated
of aluminum oxide. The GWR presents high amounts of silicon
oxide, and low amounts of aluminum, iron, and calcium oxides.
IOT has a silicon to aluminum ratio (Si/Al) of 4.59, while for GWR
this ratio is 2.48. Davidovits [27] argued that a Si/Al ratio between
3.2 and 4.5 is environmentally compatible, and De Silva [28]
showed that an increase in the Si/Al ratio leads to longer setting
times. Furthermore, the presence of CaO in GWR could lead to cal-
cium silicate hydrate (CASAH) compounds and Ca(OH)2 precipita-
tion in the geopolymeric system, as well as interfere on the
formation of fully crystalline zeolites [29].

The XRD patterns of IOT and GWR are presented in Fig. 1. The
IOT mineralogical phases are quartz, hematite, goethite, chantalite,
and chamosite, while the GWR shows only non-crystalline phases.
The IOT mineralogical phases are consistent with previous work
[30,31,16,21], and sharp peaks of quartz and hematite dominate
it. Furthermore, the aluminum phases are found associated with
chantalite and chamosite. The substitution ratios of IOT by GWR
(10%, 20%, and 30%, in mass) did not significantly alter the Si/Al
ratio of the geopolymers composites; on the other hand, the appli-
cation of GWR works as an ‘‘amorphous correction”, raising the
volume of available non-crystalline structures.

Table 3 shows the particle size distribution and physical prop-
erties of IOT and GWR. For IOT, the increase in grinding time for
1 h–2 h led to a reduction of only 7% in the particle size parameter
D90; however, the increase of grinding time for 1 h–3 h produced a
reduction in this parameter of 33%. Looking at Blaine specific sur-
face area, the grinding time produced a significant increase com-
paring the results of 1 h and 2 h, which is related to the
reductions in the particles size of the finer fractions (evidenced
by the values of D10 and D50). The similar values of specific sur-
aO TiO2 SO3 Others* LOI
%) (%) (%) (%) (%)

– – 1.9 6.0
9.7 2.6 1.3 2.9 5.4
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Table 3
Particle size distribution and physical properties of IOT and GWR.

Material ID Particle Size Distribution Physical Properties

D10 D50 D90 Specific Mass Specific Surface Area
(lm) (lm) (lm) (g/cm3) (m2/g)

IOT-1 2.2 19.1 76.6 2.924 0.034
IOT-2 1.7 15.8 71.1 2.934 0.041
IOT-3 1.3 10.6 51.0 2.903 0.041
GWR 4.2 22.3 71.95 2.596 0.555
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face area for 2 h and 3 h shows that, although the particles have
become thinner, the particle shape presented an important
improvement, becoming more equant and less rough. It is also
noticeable the higher specific surface area of GWR in comparison
to all IOT samples due to the elongated shape of its particles.

3.2. Mechanical tests

The results of nominal density are shown in Fig. 2. The IG
geopolymers showed nominal density around 2–2.4 g/cm3, highly
influenced by themolar concentration of NaOH solution. The partial
replacement of IOT for GWR produced slight reductions in nominal
density for all substitution ratios (6–9%). The results did not differ
from previous researches, which found an average density around
of 2.0 g/cm3 when using fly ash-based geopolymers [32].

Fig. 3 shows the results of the 7-days flexural strength tests. The
maximum value was 21.3 MPa for IG 123, which indicates that the
optimum combination was the alkali solution concentration of
12 M combined with the grinding time of 3 h. The results also
show that the flexural strength tends to increase with the increase
of the NaOH concentration in solution.
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Fig. 3. Flexural strength results of IG specimens.
The partial replacement of IOT by GWR reduced the 7-days flex-
ural strength of the geopolymers significantly (Fig. 4). All substitu-
tion ratios present an inverse proportion (i.e., when the
substitution ratio increases the flexural strength decreases). The
minimum strength (2.5 MPa for IGG10330) was 89.1% lower than
that for IG 103. The use of fiber reinforcement in geopolymers
composites commonly aims the improvement of mechanical per-
formance, durability, and other properties. In this sense, depending
on the type and amount of fibers, the literature reports an increase
in the flexural strength [33,34,8]. The decrease observed in this
study due to the addition of GWR may indicate that it does not
work as a fiber reinforcement.

Fig. 5 shows the results of 7-days compressive strength. The
maximum value observed was 112.8 MPa for IG 123 (which also
showed the highest flexural strength). It can be seen that the com-
pressive strength of IG geopolymers is increased as the NaOH solu-
tion concentration and grinding time increases.

Results also show a significant decrease in the compressive
strength of the geopolymers produced with GWR compared to
the correspondent IOT-based geopolymer (Fig. 6). IGG geopoly-
mers showed a decrease in compressive strength with the increase
0

5

10

15

20

25

IG 103 IGG 10310 IGG 10320 IGG 10330

FL
E

X
U

R
A

L
 S

T
R

E
N

G
T

H
 (M

Pa
)

18
.8

4.
6

2.
5

2.
05

Fig. 4. Flexural strength results of IG and IGG specimens.
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in the replacement ratio from 10% to 20%. On the other hand, the
replacement ratio of 30% led to an improvement in mechanical
performance compared to the other IGG geopolymers. Addition-
ally, the relative reduction in standard deviations observed in the
IGG geopolymers suggests a more homogeneous microstructure.

The results of compressive and flexural strength show that the
fineness of the IOT and GWR play an essential role in the develop-
ment of mechanical strength. Authors have agreed that the varia-
tion of the particle size distribution of the binder phase has a
significant effect on the compressive strength since commonly bin-
der phases with finer particle size distribution will yield geopoly-
mer pastes endued with denser microstructure, refined physical
properties, and higher compressive strength [35–38]. Furthermore,
the parameter D90 of GWR and the compressive strength of IGG
10330 closely related to the IOT-2 support the packing density
hypothesis. On the other hand, previous research reporting the
use of IOT as an addition in geopolymer found a correlation
between the IOT content and CASAH formation, a fact that lead
to compressive strength improvements [11]. The mechanical per-
formance is a parameter to evaluate the degree of geopolymeriza-
tion, and in this sense, the IG and IGG geopolymers achieved
compressive strength values higher than those reported for mine
tailings and metakaolin based geopolymers [39,40].
10 15 20 25 30 35

In
te

ns
ity

 (C
ou

nt
s)

Bragg`s Angle (

S              QG   HS  Q              H   cl

Fig. 7. QXRD patterns of IG spe
3.3. Microstructural properties

The XRD patterns of the IG geopolymers are shown in Fig. 7. The
significant change in the XRD patterns is the disappearance of crys-
talline peaks corresponding to chamosite indicating the partial dis-
solution and formation of the crystalline phase zeolite type (i.e.,
Sodalite at around 15� 2h). This phenomenon is in close agreement
with previous studies [41,42,29] and indicates a fast reorganization
process after synthesis. Furthermore, the phases quartz, hematite,
and goethite are possibly non-reactive and could act as inert filler,
yielding the geopolymer mechanical properties by the particle
arrangement.

Due to the limitations of XRD crystallinity analysis, it is com-
mon that no newly formed crystalline phases related to the
geopolymeric products are identifiable [29]. The nature of alumi-
nosilicate changes quickly on heating, and as heating progress fur-
ther, the peaks become sharp peaks identifiable as zeolite-type
structures [43]. Furthermore, Ríos et al [44] summarized the reac-
tion from amorphous aluminosilicate gel to crystalline zeolite-
types as poorly crystalline aluminosilicate? zeolite as metastable
phase? sodalite. The transformation indicates a dissolution of a
gel phase, nucleation and further growth of more stable phases
such as sodalite, which confirms the dissolution process into the
IG specimens.

Fig. 8 shows the same mineralogical behavior in the IGG
geopolymers. It was observed the sodalite synthesis followed by
a reduction of the chamosite and chantalite peaks. The non-
crystalline phases from GWR did not produce a characteristic
‘‘hump” in the XRD pattern by visual analysis. However, was not
used external or internal standard on the tested specimens, as a
result, the amorphous content was not quantitatively evaluated
in the present work.

Table 4 shows the results of the QXRD analysis of IG and IGG
geopolymers. The decrease in sodalite content related to the
increase in grinding times was a trend observed in all IG geopoly-
mers. For all NaOH solutions, the grinding time of 3 h yielded sim-
ilar contents of sodalite. IGG data also shows similar values of
sodalite for all replacement ratios. Higher chantalite contents were
observed in IGG geopolymers in comparison to IG ones. This fact
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Table 4
QXRD results of IG and IGG specimens at 7 days of curing.

Mixture ID Mineral Phases* Statistical Errors

Quartz Hematite Goethite Chantalite Sodalite GOF RWP
(%) (%) (%) (%) (%) (a.d.) (a.d.)

IG 81 72.6 (±0.4) 15.5 (±0.2) 6.6 (±0.2) 0.85 (±0.2) 4.4 (±0.4) 1.88–2.14 2.36–2.55
IG 82 73.1 (±0.3) 14.5 (±0.6) 8.2 (±0.1) 1.0 (±0.1) 3.0 (±0.1) 1.85–2.11 2.31–2.51
IG 83 75.2 (±1.3) 13.4 (0.8) 7.4 (±0.0) 1.0 (±0.2) 2.9 (±0.2) 1.92–1.28 2.39–2.64
IG 101 66.5 (±1.4) 15.8 (±0.6) 8.8 (±0.7) 1.0 (±0.1) 7.8 (±0.2) 2.05–2.36 2.43–2.57
IG 102 71.3 (±1.9) 15.1 (±2.0) 8.5 (±0.1) 0.95 (±0.2) 4.0 (±0.3) 1.87–2.27 2.69–3.01
IG 103 75.9 (±1.8) 13.2 (±0.7) 6.6 (±0.7) 1.3 (±0.1) 2.85 (±0.4) 2.37–2.96 2.69–2.75
IG 121 77.8 (±1.5) 10.2 (±0.5) 5.9 (±0.7) 1.2 (±0.0) 4.9 (±0.2) 2.46–3.8 2.82–3.52
IG 122 74.4 (±1.1) 13.6 (±0.3) 7.0 (±0.7) 1.5 (±0.1) 3.3 (±0.1) 1.93–2.13 2.52–2.61
IG 123 76.4 (±3.2) 13.1 (±1.5) 6.7 (±1.6) 1.35 (±0.1) 2.4 (±0.2) 1.75–2.04 2.36–2.55
IGG 10310 72.7 (±2.3) 12.9 (±0.5) 7.3 (±1.0) 1.9 (±0.2) 5.2 (±0.6) 2.31–2.83 2.79–3.07
IGG 10320 73.7 (±0.9) 13.2 (±0.1) 7.1 (±0.4) 1.2 (±0.1) 4.7 (±0.5) 2.34–2.69 2.89–3.01
IGG 10330 74.7 (±2.1) 12.6 (±0.9) 6.1 (±1.1) 1.4 (±0.3) 5.1 (±0.5) 2.30–2.39 3.00–3.05

* Values presented followed by the deviation from the mean (%).
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indicates that GWR acted as a supplementary precursor material
providing silica and aluminum to the geopolymeric synthesis.

The sodalite was also found in previous works on metakaolin-
based geopolymer and was pointed as responsible for the low com-
pressive strength [40]. Combined with mechanical results this fact
reinforces the hypothesis of pack design been decisive on the
mechanical properties development.

Confronting the results of compressive strength, sodalite con-
tent and nominal density (Fig. 9) is possible to observe the follow-
ing trends: (a) the compressive strength decreases with the
increase of sodalite crystallization; (b) the higher nominal density
is related to the higher compressive strength; and (c) small incre-
ments in nominal density are related to high increases in compres-
sive strength. As previously pointed, a well denser packing
arrangement design, related to nominal density, is the primary fac-
tor to the mechanical property developments [13].

The TG results of all IG samples at 7 days of curing were
clustered in Fig. 10. The thermal decomposition of IG geopolymers



Table 5
TG analysis of IOT, GWR, IG, and IGG specimens.

Mixture Mass Loss (%)

ID 0–100 �C 250–400 �C 0–1000 �C

GWR 0.20 1.47 4.18
IOT 0.36 1.55 6.02
IG 81 1.54 2.20 8.96
IG 82 1.69 2.12 8.94
IG 83 1.68 1.93 8.72
IG 101 1.53 2.03 8.18
IG 102 0.45 1.87 5.77
IG 103 1.93 2.00 8.06
IG 121 1.60 3.37 8.12
IG 122 1.86 2.05 8.51
IG 123 0.67 2.41 7.34
IGG 10310 2.13 2.05 10.38
IGG 10320 4.87 2.10 13.11
IGG 10330 4.74 2.23 15.06
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displayed two mass losses at around 100 �C and 400 �C in the TG
curves. These mass losses could be attributed to the evaporation
of both free water and a part of the water chemically bonded to
the geopolymer compounds, and dehydroxylation of goethite
phase, respectively [45,46]. Likewise, the thermal decomposition
of IGG geopolymer displayed two mass losses around 100 �C and
400 �C on the IGG’s TG curves (Fig. 11). Compared to IG geopoly-
mers, the IGG showed the peaks at the same temperature ranges
with differences only on the values of mass loss.

Table 5 shows the mass losses of the IOT, GWR, IG geopolymers,
and IGG geopolymers (these two lasts at 7 days of curing). The
mass losses of the samples varied between 4.18% and 15.06%.
The first mass loss increases as the substitution ratio increase, indi-
cating the higher amounts of compounds related to the geopoly-
mer synthesis. Furthermore, the increase on the mass loss in the
temperature range of 100 �C observed in the IGG geopolymers
may be related with the CASAH precipitation yielded by the CaO
available in the GWR [47]. The second peak decreases when the
substitution ratio increases and this phenomenon could be attrib-
uted to the dilution factor since GWR partially replaces IOT.

The SEM micrographs of the IG 103 specimens are presented in
Fig. 12. They show the presence of a small number of pores and
inert particles (IP) embedded into geopolymer [Fig. 12(a)].
Fig. 12b shows microcracks, rough surfaces and the geopolymer
gel covering the entire surface. Quartz and hematite act as inert
material to geopolymer synthesis; thus, these inert particles are
Fig. 12. SEM images of 7-days IG 103 with m
probably acting as fillers into the geopolymer composite. Further-
more, the high efficiency of the composite was probably a com-
bined result of the reduced number of pores, the binder action of
sodalite, geopolymeric compounds, the presence of inert particles
working as filler, and the high packing density due to the particle
size distribution.

The SEM micrographs of the specimens IGG 10310 and IGG
10320 are shown in Fig. 13. Fig. 13a shows inert particles and
the presence of fiber particles (FP) related to the GWR. It is also
observed a high number of pores compared to IG 103, a fact that
could influence the mechanical performance. Fig. 13b shows a high
magnification on the fiber particle, which exhibit the honeycomb-
like aspect. This honeycomb-like structure can be attributed to
CASAH compounds as observed in previous studies [48]. Combin-
ing the SEM micrographs with TG/DTA analysis as well the brittle
behavior tested in the flexural tests reinforces the thesis of CASAH
precipitation into the blended geopolymers synthesis.

The IGG 10320 shows a more homogeneous surface compared
to the IG and IGG 10310 specimens, as well as the presence of fiber
particles (FP) as shown on Fig. 13c. Magnified images on the fiber
particle (Fig. 13d and e) show fiber surface under the synthesis
process and a compound with gel aspect on the edges. It is
observed a transformation process happening in the fiber-like par-
ticle, which can be attributed to GWR working as a supplementary
precursor to the geopolymer synthesis forming particles with a
honeycomb-like shape that could explain the brittle behavior of
the IGG specimens.

Micrographs of the IGG 10330 specimens (Fig. 14) do not show
fiber-like particles related to GWR. Additionally, they presented
the most homogeneous aspect among all studied geopolymers
(Fig. 14a). Using a high magnification (Fig. 14b) is observed some
micropores, honeycomb structures, and the surface almost covered
by geopolymers gel. The observed distinct particles in this work
(Fig. 14c) are compatible with previously published images identi-
fied as being zeolite-type [49,50].

The current micrographs of the IGG samples indicate that GWR
works as a supplementary precursor for the geopolymer synthesis
instead of fiber reinforcement. In this sense, very different aspects
were observed in comparison to previously reported SEM micro-
graphs of fiber reinforced geopolymers [51,34]. As a result, the
decrease in mechanical performance could be attributed to the
honeycomb-like structures and/or the presence of pores observed
in the SEM micrographs.
agnification of: (a) 500�; and (b) 10kx.



Fig. 13. SEM images of 7-days IGG: (a) 10310 magnification of 500x; (b) 10310 magnification of 20kx; (c) 10320 magnification of 500x; (d) 10320 magnification of 5kx; and
(e) 10320 magnification of 20kx.
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Fig. 14. SEM images of 7-days IGG 10330 with magnification of: (a) 500x; (b) 10 kx; and (c) 10 kx.
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4. Conclusion

The geopolymers using IOT as primary source materials as well
as the IOT-based geopolymer blended with GWR were studied in
this paper. Experimental results showed high mechanical results
and the potential to future application regarding the use of IOT
and GWR in geopolymers production. The main findings are sum-
marized as follows:

i. The use of IOT as precursor material yielded geopolymers
with high compressive and flexural strength. The highest
results obtained were 112.8 MPa and the 21.3 MPa for
7-days compressive strength and flexural strength,
respectively. The partial replacement of IOT by GWR as
supplementary precursor material led to a decrease on
compressive strength and flexural strength for all
substitution ratios. By the flexural strength of the blended
geopolymer, we observed a brittle behavior related to the
GWR presence. Through the mechanical results, the particle
size distribution of the precursors and NaOH solution
concentration played a great influence in mechanical
performance.
ii. The XRD patterns showed a synthesis process of zeolite
sodalite phase in all geopolymer specimens. Chamosite and
partial chantalite were source phase to its synthesis;
whereas, in the blended geopolymer both GWR’s non-
crystalline phase and IOT’s crystalline phases contribute as
precursor compounds to the geopolymeric reaction. The
quartz, hematite and goethite phases in IOT works as inert
phases to geopolymer composites.

iii. Thermal analysis of the IOT-based geopolymers showed
increased mass losses related to the geopolymer compounds
in all specimens. GWR blends yielded the highest mass losses
in the range related to CASAH and geopolymer compounds.

iv. SEM micrographs of the IOT-based geopolymers showed a
composite with low porosity, structures related to geopoly-
meric reaction, inert particles embedded into the binder, and
structures related to zeolite phases. In the SEM micrographs
of the geopolymers blended with GWR, it was observed that
the GWR particles work as supplementary precursor mate-
rial and yield phases with gel aspect and honeycomb-like
aspect related to CASAH. Through the SEM micrographs of
three different replacement ratios, it was possible to note
the GWR transformation in two different stages.



K. do Carmo e Silva Defáveri et al. / Construction and Building Materials 220 (2019) 375–385 385
This paper consists of an initial step for the application of IOT
and GWR as precursor materials for geopolymer composites. Fur-
thermore, the promising results that include composites with high
mechanical performance already indicate good prospects for a new
application of these residues, contributing to their proper destina-
tion, minimization of the use of landfills and tailing dams.
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