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ABSTRACT
Taking into account environmental considerations, such as decreasing CO 2 emission and the ecological footprint, the
utilisation of secondary raw materials is essential for sustainable development. Fly ash is the product of coal
combustion plants that is collected by various air cleaning equipment from flue gas, and red mud is the by-product of
the Bayer-process, through which alumina can be produced from bauxite. Geopolymerisation is a process that is
suitable for the utilisation of such wastes to produce ceramics, cement, concrete etc. with many advantageous
properties.
The main objective of the article is to present data on the development and examination of geopolymer made out of
deposited fly ash from Tatabánya and red mud from Almásfüzitő.
During the experiments, red mud was added to previously optimised fly ash geopolymer in various quantities and
compressive strength tests were carried out to determine the optimal fly ash and red mud ratio. However, as the
cracking of the specimens could be observed, further tests were carried out on the durability of the geopolymers. The
effect of the sealing conditions and RM calcination was investigated, both via visual inspection and with FT-IR
analysis at the ages of 3, 7, 14, 28 and 90 days.
Based on the results, it could be concluded that the sealing conditions have direct effect on the structural characteristics
of fly ash – red mud based geopolymers, but further experiments should be carried out for the identification of the
ongoing reactions.
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1. INTRODUCTION
Geopolymers are inorganic polymers synthesized by the reaction of alumino-silicate and alkali compounds
at ambient or near ambient temperature. As certain industrial wastes, such as fly ash, blast furnace slag and
mine tailings contain sufficient amounts of reactive alumina and silica, they can be used as raw materials
for geopolymerization. Therefore, geopolymerization can be considered a viable technology to transform
industrial wastes into utilisable materials. Furthermore, geopolymers possess excellent physico-chemical
and mechanical properties, e.g. low density, high strength, thermal stability, fire and chemical resistance.
Thus, many industrial applications are viable in the areas of construction, road building, mining,
metallurgy etc [1, 2, 3, 4, 5].
Fly ash is an industrial waste produced by coal-fired power plants and collected during flue gas cleaning,
i.e. with filter bags, electrostatic separators etc. Its main constituents are SiO 2 and Al2O3, but other minor
components can be frequently found in it as well, e.g. CaO, Fe2O3, MgO etc. [6, 7]. Red mud is the byproduct of the Bayer-process, through which alumina can be produced from bauxite ore. It is a highly
alkaline material, 11.3 ± 1.0 pH, with high moisture and very fine particle size. The main constituents
include Fe2O3, Al2O3, SiO2, CaO, Na2O, TiO2, K2O and MgO [7, 8].
The aim of the experiments was to develop geopolymer with the synergic use of fly ash and red mud, and
to examine its properties and durability.
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2. MATERIALS AND METHODS
The main solid raw materials were landfilled brown coal fly ash (FA) from Tatabánya and red mud (RM)
from Almásfüzitő. The particle size distribution of FA and RM was examined with a Horiba LA950 V2
type laser particle size analyser. The particle size distribution of both solid raw materials can be observed
in Fig. 1. The median particle size of the FA was x50=24.28 μm and x50=3.09 μm for the RM.

Figure 1. The particle size distributions of the fly ash and red mud samples

The moisture content of the FA samples was 28.80%, and the ignition loss was 0.75%. Based on the XRF
analysis, the main oxidic components were SiO2 (46.40%), Al2O3 (27.40%), Fe2O3 (6.96%), CaO (7.04%),
MgO (2.23%), K2O (1.65%) and TiO2 (0.94%). The FA was first oven dried at 105 °C and then
mechanically activated, i.e. ground for 10 minutes in a Ø305×305 mm ball mill.
The moisture content of the RM was 38.16%. After oven-drying at 105 °C, RM was pulverised in a mortar.
For the durability tests, the dried and pulverised RM was also calcined at 850 °C for 1 hour.
The mineral composition of RM obtained from the XRD test is summarised in Tab. 1.
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Table 1. The mineral composition of red mud

Phase
Hematite
Cancrinite (OH)
Cancrinite (CO3)
Katoite
Calcite magnesian
Gibbsite
Boehmite
Zircon
Amorphous

Ratio, wt.%
38.4
25.7
12.1
7.6
4.9
4.2
0.6
0.4
6.0

Based on previous experiments [9], the liquid/solid ratio was 0.82, with 8 M NaOH solution and Betol SB
type water glass used as an activator solution; the composition of the water glass is SiO 2 (25.3%), Na2O
(13.7%) and K2O (2.7%).
For geopolymer production, fly ash, red mud and the activator solution was mixed in 5 different ratios and
5 specimens were prepared from each paste. After holding the moulded geopolymer paste under sealed
conditions for 24 hours, heat curing was carried out at 50 °C for 6 h. Then the specimens were left to cool
down. After a five-day holding time, uniaxial compressive strength tests were carried out.
A Jasco FT-IR 4200 type Fourier transform infrared spectrometer was used for the structural analyses.
3. RESULTS AND DISCUSSION
3.1. The effect of red mud addition
At a constant solid matter quantity, fly ash was substituted with 0, 5, 10, 20 and 40 wt.% red mud. The
obtained average uniaxial compressive strength values and specimen densities are illustrated in Fig. 2.
Without the addition of RM, over 20 MPa average compressive strength values could be achieved which
was the highest among the examined mixtures. With the addition of 5, 10 and 20 wt.% RM, the uniaxial
compressive strength decreased but remained around 15-20 MPa. However, the use of 40 wt.% RM
drastically decreased the compressive strength of the specimens, but still reached over 9 MPa
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Figure 2. The effect of red mud on the average compressive strength and specimen density

.
The produced fly ash – red mud geopolymers had similar, or even higher compressive strength values than
the geopolymers found in literature, produced under similar circumstances [7, 10 11].
In case of specimen density, the higher the red mud content in the geopolymer paste was, the higher the
average specimen densities became.
3.2 Durability tests
As the cracking of the 20 and 40 wt.% RM content specimens could already be observed after the 5-day
holding time, next, the durability of the specimens was examined.
Three sets of geopolymers were produced using 20 wt.% RM to examine the effect of RM preparation and
sealing conditions: non-calcined non-sealed red mud geopolymers (RMGs), non-calcined sealed RMGs
and calcined sealed RMGs. Visual examination and FT-IR analysis was carried out at the ages of 3, 7, 14,
28 and 90 days. Photos of the specimens at the examined ages can be observed in Tab. 2.
In case of the non-calcined non-sealed RMGs, the cracking of the 3- and 7-day-old specimens could be
observed and after 14 days, each specimen was fractured. On the other hand, all the RMGs held under
sealed conditions were intact even after 90 days.

Table 2. The 3-, 7-, 14-, 28- and 90-day-old RMG specimens
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2018

Non-calcined sealed
RMG

Non-calcined non-sealed RMG

3 days

7 days

14 days
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Age

2018

Non-calcined sealed
RMG

Non-calcined non-sealed RMG

Calcined sealed
RMG

28 days

90 days

To identify and monitor the structural changes in the geopolymers, FT-IR analysis was carried out after the
visual inspection. The wave numbers of the identified peaks and the assigned vibrations are summarised in
Tab. 3.
Table 3. The characteristic wave numbers and the assigned vibrations of the RMGs

Wave number, cm-1
3600 – 2300
1650 – 1630
1430 – 1410

Vibration
stretching –OH, HOH
bending HOH
stretching O–C–O
asymmetric stretching
Si–O–Si and Al–O–Si

1090 – 990

The broad bands in the region between 3600 and 2300 cm−1, i.e. the stretching vibrations of –OH and
HOH, and the peaks between 1650 and 1630 cm−1, i.e. the bending vibration of HOH groups, are
associated with absorbed water on the surface and imprisoned water in the cavities of the specimens. The
peaks between 1430 and 1410 cm-1 indicate the stretching vibration of the O–C–O bond of atmospheric
carbonation, due to the reaction of NaOH with atmospheric CO2. Between 1090 and 990 cm-1 the peaks
assigned to the asymmetric stretching vibrations of Si–O–Si and Si–O–Al bonds can be found, which are
characteristic to geopolymers [2, 4, 12, 13, 14].
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Figure 3. The FT-IR spectra of the non-calcined non-sealed RMG samples

In case of the non-calcined non-sealed RMGs (Fig. 3), the intensity of the peaks continuously decreased
until 14 days, but at the age of 28 days, a small increase of each peak could be observed. However, by the
90-day analysis, all peak intensities lessened.

Figure 4. The FT-IR spectra of the non-calcined sealed RMG samples

As it can be observed in Fig. 4, the peak intensities of the non-calcined sealed RMGs increased after the
first analysis at the age of 3 days. At 7 and 14 days, the intensities of the peaks associated with the
stretching vibrations of the –OH and HOH bonds and the asymmetric stretching vibrations of Si–O–Si and
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Si–O–Al bonds followed a similar trend, but the other peak intensities decreased at 14 days. After that, the
intensity of every identified peak considerably decreased.

Figure 5. The FT-IR spectra of the calcined sealed RMG samples

The examination of the FT-IR spectra of the calcined sealed RMG samples (Fig.5) revealed no clear trends
in relation to the ages of the specimens. The highest peak intensities can be observed after 7 days and the
lowest intensities at 90 days. The 3- and 14-day spectra show a similar trend.
Based on the FT-IR analyses it can be stated that by the age of 90 days, the polymerization and
polycondensation reactions die down and most of the water is consumed during the different reaction
stages.
4. CONCLUSIONS
Based on the uniaxial compressive strength tests, it can be concluded that relatively high-strength
geopolymer can be made at the age of 7 days from the combination of fly ash from Tatabánya and red mud
from Almásfüzitő. However, the cracking of the specimens can be observed when higher amount – 20 and
40 wt.% – RM is added to the mixture. According to the durability tests, the sealing conditions have
significant effect on the durability of the specimens. The non-calcined non-sealed geopolymers were
fractured after 14 days, and the peak intensities of the FT-IR spectra showed lower intensities than the
sealed specimens. When the specimens are sealed, calcination has no noticeable effect on the durability of
the geopolymers.
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