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Abstract
This paper focuses on the investigation of the co-utilization of two major industrial waste materials, power station fl y ash 
and red mud. Experimental studies were carried out to establish the correlation between the physical properties of a 
geopolymer product and a mixture composition. The eff ect of mechanical activation and the red mud dosage on the 
geopolymerisation was investigated. Geopolymerisation of mechanically activated fl y ash has been carried out with 
various proportions of red mud ranging between 0–30 % by weight. The compressive strength of fl y ash based geopoly-
mer increased until 15 % of red mud addition. The optimal red mud addition in fl y ash geopolymer was determined. The 
infl uence of red mud on phase composition and chemical bonds of the resulted geopolymer were determined by XRD 
analysis and FTIR studies. Due to the geopolymerisation reactions, new phases like hydroxy-cancrinite, faujasite and 
thenardite appeared in the product.
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1. Introduction

Fly ash is a fi nely dispersed residue of coal combus-
tion collected in electrostatic precipitators in thermal 
power plants. The particle size distribution of the fl y ash 
mainly depends on the primary mineralogical composi-
tion of the fuel coal, the fi neness of the coal and boiler 
conditions. One of the limitations associated with lignite 
fl y ash is the low pozzolanic reactivity which makes 
them less desirable for use in the construction sector. 
Thus, to overcome this problem, the reactivity of fl y ash 
can be increased by mechanical activation (Juhász & 
Opoczky, 1990; Kumar &Kumar, 2013; Mucsi et al., 
2009). The research on fl y ash usability as a secondary 
raw material is a highly important area today, both for 
waste management and low cost building material re-
sources. About 800 million tons of CCP (Coal Combus-
tion Products) including fl y ash, slag and desulfurization 
gypsum are generated each year worldwide (Heidrich et 
al., 2013).

Red mud or in other words “bauxite residue” is the 
waste generated during Bayer’s process of the extraction 
of alumina from bauxite. There is an estimated 3 billion 
tons of red mud accumulation globally, increasing with 
approx. 120 million tons per year (Courtney, 2015). 

Since this material is categorized as hazardous waste 
and its safe disposal requires high cost investments, the 
research on environmentally friendly industrial recy-
cling is also a key area worldwide. Even if rare and crit-
ical elements are aimed for extraction from red muds, it 
will not consume the bulk volume. Thus, a safer and 
more favoured way is their use as additives in construc-
tion materials, for example as geopolymer raw material 
since alkali content will react with aluminosilicate bear-
ing phases (Jamieson et al., 2012; McLellan et al., 
2011; Mucsi et al., 2015, Singh et al., 2016; Nenadovic 
et al., 2017).

Geopolymers are a new class of environmentally 
friendly construction materials with the potential to in-
corporate both fl y ash and red mud. They are amorphous 
aluminosilicate materials which can be produced by the 
reaction between silica and aluminosilicate in an alka-
line medium (NaOH and/or KOH) at ambient or higher 
(30–100 °C) temperature. Due to their simple, energy 
effi cient and eco-friendly production method compared 
to ordinary Portland cement, good durability and me-
chanical properties, geopolymers can replace numerous 
conventional binder and ceramic materials mainly for 
high-tech applications (fi re and acid resistant materials, 
ceramics with special properties, composites) (Davido-
vits, 1989; Komintsas & Zaharaki, 2007, Kumar et 
al, 2005).
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There are several recently published papers focusing 
on the synergetic application of fl y ash (FA), granulated 
blast furnace slag, metakaolin combined with red mud as 
a silicate and alkali resource in the synthesis of geopoly-
mer (Hajjaji et al., 2013; He et al., 2013; He at al., 
2012; He & Zhang, 2011; Hairi et al., 2015; Cundi et 
al., 2005, Mucsi et al., 2014).

Kumar and Kumar (2013) investigated red mud and 
fl y ash combinations to develop geopolymer products. 
Red mud addition up to 20 % to fl y ash has enhanced the 
reaction and properties of the resulting geopolymer. 
Paving blocks using 10–20 % red mud has been devel-
oped which meets IS 15658 specifi cation.

Van Riessen et al. (2013) examined various indus-
trial residues to manufacture geopolymers. Geopoly-
mers with a Si/Al ratio of 2.3 and a Na/Al ratio of 0.8 
were targeted. With synthetic Al-plant spent liquor as the 
alkali activator, geopolymers with a mean compressive 
strength of 33 MPa were synthesized.

A geopolymer designed by sodium silicate/NaOH ac-
tivation of metakaolin, iron oxide and red mud mixtures 
was introduced by Hajjaji et al. (2013). They have used 
red mud up to 25 % in their geopolymer. Red mud infl u-
ences the mechanical strength during curing (28 days) 
and showed compressive strength above 10 MPa.

Geopolymer from red mud (RM) and rice husk ash 
(RHA) was produced by He et al. (2013). The mechani-
cal properties of the RM–RHA geopolymers were de-
pendent upon an array of factors, such as alkalinity, raw 
material mix ratio, curing time, fi neness of RHA, and 
uncertainties involving incomplete geopolymerization. 
The studied geopolymers have compressive strengths of 
up to 20.5 MPa.

Geopolymers were synthesized from metakaolin and 
the admixture of RM and FA by He et al. (2012). The 
metakaolin based geopolymer achieved compressive 
strength of 31 MPa, while the RM bearing geopolymer 
had a strength of 13 MPa. The fi nal products contained a 
gel-like geopolymer binder as a matrix, but also inherit-
ed nonreactive crystalline phases from parent materials 
and a small amount of unreacted source materials.

He and Zhang (2011) found that depending on the 
synthesis conditions, the unconfi ned compressive 
strength ranges from 3 to 13 MPa. The fi ndings suggest 
that RM and FA, can be reused to produce geopolymers 
that may replace Portland cement and hence be applied 
in civil infrastructure construction. Hairi et al. (2015) 
proved that the RM forms geopolymers through the re-
action of aluminate and silicate species in a similar pro-
cess to that of alkali-activated kaolin. The presence of 
iron in the RM as hematite did not interfere with geo-
polymer formation.

Vukcevic et al. (2013) investigated the structure of 
geopolymer synthesised from RM and metakaolin. The 
XRD patterns indicated that the geopolymerisation re-
sulted in the dissolution of the starting material and a 
formation of amorphous and crystalline aluminosilicate 

phases as well as the stable phases of leucite and kalsi-
lite. Additionally, the existence of non-dissolved solid 
particles of RM was indicated beside the residual unre-
acted kaolinite or sodium-aluminosilicate phase.

Dimas et al. (2009) established the effect of synthesis 
parameters (solid-to-liquid ratio, caustic soda, soluble 
silica concentrations, and metakaolin addition) on the 
properties of RM-based inorganic polymeric materials. 
The results showed that the produced materials have high 
compressive strength, very low water absorption, satisfac-
tory apparent density, and excellent fi re resistance.

In a paper written by Fu and Xiong (2014), a geo-
polymer was synthetized from sintered RM (30 %), gyp-
sum (10 %), calcined bauxite tailings and FA and lime 
20 % respectively. The compressive strength of the 
product was 15.4 MPa.

Based on the above studies it can be stated that most 
research work deals with “raw” fl y ash, however, in 
some cases, this starting material is not appropriate for 
geopolymerisation, especially the landfi lled ones (Má-
dai et al., 2015) since the reactivity of the initial fl y ash 
is relatively low due to the weathering effect. Therefore, 
it can be mechanically activated by grinding to be more 
reactive prior to alkaline activation in order to improve 
the properties (mechanical stability) of the resulted geo-
polymer product. The objective of this paper is to reveal 
the effect of mechanical activation of FA on geopolymer 
properties. The further aim was to investigate the possi-
bility of substituting the alkali activator and aluminosili-
cate constituents by the addition of RM.

2. Materials and methods

2.1. Materials

FA from the lignite based power station (Visonta, 
Hungary) and RM from Almásfüzitő waste tailing (Hun-
gary) was used for the experiments (Mucsi et al., 2014). 
Prior to the experimental work, both the FA and RM 
samples were dried in a drying cabinet overnight. The 
particle size distribution of the raw and the ground mate-
rials was measured by HORIBA LA-950V2 laser dif-
fraction particle size analyzer in wet mode using dis-
tilled water as a dispersing media. Calculation of particle 
size distribution from measured data was carried out us-
ing the Mie-theory taking into account the refraction in-
dex of the material.

The geometric (outer) specifi c surface area (SSA) was 
calculated using particle size distribution (PSD) data by 
the laser sizer software. The RM sample is characterized 
as a much fi ner particle size distribution (median particle 
size x50 = 2 μm) than the FA sample (x50 = 52 μm). The 
moisture content of FA was determined in a drying cabi-
net overnight at 105 oC, which resulted in a very low 
value of 0.3 %, however the moisture content of the RM 
sample was signifi cantly higher at 33.6 %. The physical 
properties of the raw materials are given in Table 1.
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(L.O.I.), 1.000 g burned powder sample was mixed with 
6.000 g of lithium tetraborate (Li2B4O7) which explore 
metals in powder. The melted mixture analyzed by Fu-
sion bead oxide method built in XRF software. Every 
sample was analyzed 3 times; these values were aver-
aged.

The results are found in Table 2. The FA is character-
ized with a relatively low SiO2 content (45.85 %), addi-
tionally Fe2O3 (12.15 %) and Al2O3 (16.82 %) content 
was high compared to brown coal fl y ash.

2.2. Methods

Systematic experimental series were carried out in the 
framework of the research focusing on the following 
questions:

• the effect of mechanical activation of FA on geo-
polymer strength and density, as well as the investi-
gation of the correlation between the properties;

• development of RM – FA geopolymer and study of 
its physical and structural properties.

The mechanical activation experiments of FA were 
carried out in a conventional tumbling laboratory ball 
mill with the size of Ø305×305 mm (smooth walled), 
with steel balls (minimum and maximum ball size was 
12 mm and 50 mm respectively) as a grinding media. 
The mill fi lling ratio of the grinding media was 30 V/V 
%, the material fi lling ratio was 110 V/V %. Residence 
time of mechanical activation was 5, 10, 20, 30 and 60 
minutes.

Geopolymer specimens were prepared by mixing FA 
and a NaOH solution (and RM) using 0.67 liquid/solid 
ratio. The paste was placed in a pre-oiled mould and 
compacted by vibration. The compacted geopolymer 
paste was kept in the mould for 24 hours in sealed condi-
tions at ambient temperature, before removing the speci-
mens. This was followed by heat curing at 90 °C for 6 
hours. The uniaxial compressive strength of the geo-
polymer was determined by a Compression Testing Ma-
chine at the age of 7 days. Five specimens were prepared 
in each case.

3. Results and discussion

3.1. Mechanical activation of fl y ash

The primary effect of the mechanical activation of fl y 
ash by grinding in this case was the particle size decrease 
and specifi c surface area increase. After 60 minutes, a 
grinding 11.6 μm median particle size was achieved 
from the initial value of 52.04 μm, indicating a 4.49 (r50) 

Table 1: Physical and mineralogical properties 
of raw materials

Properties Fly ash Red mud
Origin Visonta, 

Hungary
Almásfüzitő, 

Hungary
Median particle size, 
μm 52 2

Moisture content, % 0.3 33.6
Specifi c surface area, 
cm2/g 1152.1 12850.2

Particle density, g/cm3 1.93 3.03
Main minerals Quartz, 

maghemite, 
hematite, 

anhydrite, albite 
and lime

Hematite, 
cancrinite, 

gibbsite, calcite 
and lime

Residual alkali content, 
mol/l - 0.476

Table 2: Chemical composition of fl y ash samples for main components

SiO2 Fe2O3 Al2O3 CaO MgO Na2O K2O SO3 L.O.I.
Lignite fl y ash 45.85 12.05 16.82 12.97 2.90 0.50 1.83 3.76 2.25
Red mud 7.52 25.13 19.24 22.84 n.a. 5.75 n.a. n.a. 12.54

The composition of the geopolymer product was in-
vestigated by using a JASCO 4200 type Fourier Trans-
formed Infrared Spectrometer (FT-IR) in refl ection 
mode with a diamond ATR PRO470-H attachment. 
Stretching and bending vibrations of chemical bonds 
were used to observe the dissolution and transformation 
of primary components and to detect newly forming ma-
terials. Three spectra were recorded from each sub-sam-
ple and every sample was measured with 3 sub-samples. 
One spectrum was averaged over 64 FTIR measure-
ments with, 4 cm-1 resolution number. The beam inci-
dence angle was 45°, TGS detector was used with a 
scanning speed of 2 mm/sec.

The mineralogical composition was determined by a 
Bruker D8 Advance XRD powder diffractometer (Cu-
Kα radiation, 40kV, 40mA) in parallel beam geometry 
(Göbel-mirror). Patterns were recorded in 2-70° (2θ) 
range, with 0.007° (2θ) steps in 42 seconds, with a Van-
tec-1 position sensitive detector (1° window opening). 
Phase identifi cation was made by Search/Match (multi-
ple iteration) on ICDD PDF2 (2005). Quantitative eval-
uation was made by Rietveld-refi nement in TOPAS4 
software, using FPM based instrumental convolution 
(using SRM 640d Si), with crystal structure data from 
the AMCSD database.

The residual alkali content of the RM sample was 
analysed by titration of the aqueous extract. The result 
shows that 1 kg RM contains 286 ml alkali with a con-
centration of 0.476 mol/l.

The chemical composition of the lignite FA was de-
termined using a Rigaku Supermini X-ray Fluorescence 
apparatus. After determination of loss on ignition 
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size reduction ratio. Additionally, the “outer” specifi c 
surface area increased signifi cantly from 1152.1 cm2/g 
up to 5425.6 cm2/g due to ball milling. The effect of 
grinding on the FA fi neness (median and x80 particle 
size) can be seen in Figure 1. It can be clearly observed 
that both characteristic size increases signifi cantly until 
20 min residence time, then the intensity of the reduction 
is moderated. However, there is no aggregation or ag-
glomeration based on this data.

1042 cm-1 and 575 cm-1, related to T-O-T (T=Si, or Al) 
bonds asymmetric and symmetric stretching vibration. 
The peak belongs to 795 cm-1, related to Si-O-Si bonds 
symmetric stretching vibration while at 734 cm-1 signed 
Si-O-Si and Al-O-Si bonds symmetric stretching vibra-
tion (Mucsi et al., 2015). This minor change in FTIR 
spectra indicates no signifi cant transformation in the fl y 
ash structure after grinding, so it can be concluded that 
the reactivity improvement belongs to specifi c surface 
area (reaction surface) increase.

3.2.  Geopolymer from mechanically activated 
fl y ash

The effect of FA fi neness on geopolymer compressive 
strength was investigated on specimens obtained using 6 
M concentration NaOH solution which is shown in Fig-
ure 3. This relationship can be described by a logarith-
mic function. The fi tting results are as follows:

 Y = 3.89 × ln (X) – 25.10 (1)

with the coeffi cient of correlation, R-square of 0.79.

Figure 1: Characteristic particle size of ground fl y ash 
as function of grinding time

A signifi cant increase in the particle density was ob-
served as a function of grinding time from the initial value 
of 1.93 g/cm3 up to 2.26 g/cm3 after 20 minutes residence 
time. It can be explained by the porous structure of FA, 
which after size reduction turned into compact spherules, 
hence decreasing the pore volume between the bulk par-
ticles and increasing the particle density.

Based on raw and milled fl y ash FT-IR spectra (see 
Figure 2) signifi cant absorbance can be observed at 

Figure 2: FTIR spectra of the raw and grounded fl y ash 
(y-axis shifted for visualisation)

Figure 3: Eff ect of fl y ash fi neness on geopolymer 
compressive strength

The compressive strength of the resulted geopolymer 
increased from the initial 2.6 MPa up to 6.5 MPa due to 
mechanical activation for 30 minutes grinding time 
which was a relatively intensive section. This can be ex-
plained with the higher reaction surface generated by 
grinding, i. e. more reaction partner of the alkaline acti-
vator was liberated. Furthermore, the 60 minutes ground 
FA based geopolymer strength was 21.5 % higher than 
that of the product consisting of 30 minutes ground FA. 
The highest geopolymer compressive strength was 7.9 
MPa using 6 M NaOH solution as the alkaline activator 
and 60 minutes ground FA. Furthermore, the relation-
ship between the compressive strength and specimen 
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density was investigated which is shown in Figure 4. 
This relation can be described using a linear function 
with the following equation:

 Y = 30.78 × X – 34.63 (2)

where the coeffi cient of correlation, R-square was 0.95. 
Based on this linear characteristic curve a strong correla-
tion was found between the geopolymer compressive 
strength and its specimen density.

The peak at 1415 cm-1 corresponds to O-C-O stretch-
ing vibration, the carbonate group in Na-carbonate phas-
es (see XRD results). The peak observed at 1012 cm-1 
shifts to a lower wave number (957 cm-1) after geopoly-
merisation, indicating structural reorganization. It is as-
sociated with dissolution of the amorphous phase of FA 
in strong alkali media according to Panias et al. (2007).

3.3. Fly ash - red mud based geopolymer

3.3.1. Physical properties

During the preparation of the geopolymer paste, RM 
was added in 5, 10, 15, 20, 25 and 30 % portion by mass 
of the dry mass of FA. The alkaline activator NaOH with 
6M concentration was used in different liquid to solid 
ratios depending on the workability of the paste. Namely 
for geopolymer paste containing 5 % RM, the activator 
was added in 40 %, for that of 10, 15 and 20 %, the acti-
vator was added in 35 %, fi nally for 25 and 30 % RM, 
the NaOH solution was added in 30 %.

Figure 6 demonstrates the relationship between com-
pressive strength and specimen density of RM – FA 
based geopolymer which can be described using a linear 
function with the following equation:

 Y = 19.04 × X – 19.63 (3)

The coeffi cient of correlation, R-squared was rela-
tively low 0.71. It was observed that the higher the spec-
imen density of geopolymer, the higher its compressive 
strength, similarly to Figure 4.

Figure 4: The relationship between compressive strength 
and specimen density of mechanically activated fl y ash 

based geopolymer

Figure 5 shows the FTIR spectra of the raw and 
ground lignite FA based geopolymer. Four new peaks 
appeared due to geopolymerisation (at 3375, 1651, 1415 
and 877 cm-1), another shifted to lower wave number 
(957 cm-1) and changed its intensity. The peak at 3375 
cm-1 corresponds to –OH, HOH bonds stretching vibra-
tion, the peak at 1651 cm-1 to HOH bonds bending vi-
bration, while the bands at 877 cm-1 are related to Si-O 
stretching and OH bending bond vibrations (Si-OH).

Figure 5: FTIR spectra of lignite fl y ash based geopolymers

Figure 6: Relationship between compressive strength and 
specimen density of red mud – fl y ash based geopolymer

The strength values have a maximum point at 15 % 
RM content, which was 5.5 MPa. Additionally, it was 
observed that the characteristic red color of RM was 
dominant in the fi nal product (see Figure 7). It might be 
an advantage if the commercialized product will be 
manufactured, since colored tiles generally have a high-
er price due to the pigments they contain.
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3.3.2. Material composition

ATR-FTIR spectra of geopolymer specimens contain-
ing RM in different amounts can be seen in Figure 8. 
Peaks at 3390-3370 cm-1 are related to –OH, H-O-H 
bonds stretching vibration, at 1640 cm-1 corresponds to 
H-O-H bending vibration. These bands are indicative for 
chemically bonded water and functional OH- groups 
(Panias et al. 2007; Mucsi et al., 2015).

Table 3 contains the characteristic peak wavenumbers 
and types of bonds.

The changes in crystalline phase composition were 
infl uenced by the RM amount (see Figure 9). In the FA 
based geopolymer without RM, signifi cant thénardite 
and thermonatrite were formed, as a result of excess 
NaOH reported to a low alkaline activity glass phase in 
the FA. The carbonate phase evolves from the air trapped 
in the geopolymer matrix, while the sulphate phase con-
sumes the S available in soluble form (e.g. anhydrite). 
Nonetheless, geopolymerisation takes place in the pure 
geopolymer (0 % RM sample), as indicated by the in-
crease in amorphous content and formation of Na-zeo-
lite phases. By the evolution of these phases in the RM 
containing mixtures, we can estimate the effect of hema-
tite and cancrinite (main constituents of RM) on the geo-
polymerisation reactions.

Figures 10 a-d show the variation of the main min-
eral phases of FA-RM geopolymer as a function of RM 
dosage. First of all, RM addition to FA is considered as a 
dilution process, since the crystalline components are 
different (like cancrinite and gibbsite) or at least in dif-
ferent amount (like hematite and calcite). Based on this, 
we can calculate in what manner the FA quantitative 
mineralogical composition is expected to change by this 
dilution, compared to that actually measured by XRD. 
Performing this step, several constituents, like quartz, 
albite, hematite and microcline are found which in most 
cases show little deviation between the calculated and 
measured diluted amounts. In those mixtures, where 
larger differences are observed, the evolution of newly 
formed phases, like hydroxy-cancrinite, faujasite and 
thenardite have to be examined in detail.

Signifi cantly lower quartz, albite and microcline 
amounts were found in the mixture with 5 % RM added. 
In this mixture, a high increase in hydroxy-cancrinite is 
detected, in parallel to calcite, quartz and albite “con-
sumption”. Even the measured amount of cancrinite 
added to the mixture is well below the expected value, 
together with the gibbsite. This indicates a fast hydroxy-

Figure 7: Red mud fl y ash 
based geopolymer specimen 
(15 % RM)

Table 3: FTIR peak wavenumbers and bonds

Wavenumber Bonds
3390-3370 cm-1 –OH, H-O-H bonds stretching vibration
1640 cm-1 H-O-H bending vibration
1410-1425 cm-1 O-C-O stretching vibration of carbonate 

phase
1100-445 cm-1 Si-O-Si, Al-O-Si asymmetric and 

symmetric stretching and bending 
vibrations

559 cm-1 disappeared
670, 612 cm-1 appeared
1421 to 1414 cm-1 carbonate peak which was shifted

peak intensity decreased showing 
change in the concentration of 
carbonate compounds

Figure 8: FTIR spectras of FA-RM based geopolymer 
(y-axis shifted for visualisation)

Peaks at 1410-1425 cm-1 belong to O-C-O stretching 
vibration of carbonate group, which is formed from the 
remaining unreacted activator solution and CO2. Peaks 
at 1100-445 cm-1 are related to Si-O-Si, Al-O-Si asym-
metric and symmetric stretching and bending vibrations. 
As a result of RM addition, some bands (peak 559 cm-1) 
disappeared, while others (670, 612 cm-1) appeared, in-
dicating newly formed compounds. It shows that slight 
differences in newly formed phases can be observed due 
to RM addition. However, the most signifi cant change 
was detected concerning the carbonate peak which was 
shifted from 1421 to 1414 cm-1, at the same time, the 
peak intensity decreased due t o RM addition indicating 
the change in the concentration of carbonate compounds. 
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cancrinite crystallization. Crystallization takes place on 
the surface of cancrinite grains, catalyzing the process, 
and the newly formed phase is built up from the dis-
solved quartz (Si soruce) and calcite (Ca source). The 
high intensity of reactions is also observed by the mag-
nesio-ferrite dissolution and piking maghemite content, 
formed by the reprecipitation of solubilized Fe. The ex-
cess Mg could be fi xed by the hydroxy-cancrinite struc-
ture or in the residual amorphous gel, similarly to dis-
solved albite and microcline.

The high intensity alkaline reaction series in the 5 % 
RM mixture is generated by the overlapping effect of 
high NaOH solution (activator) and cancrinite nanocrys-

tals (precipitation centers). As the NaOH solution 
amount is decreased, the precipitation is shifted towards 
Na-sulphate and amorphous phase formation, with de-
creasing cancrinite type phases. The Fe bearing phases 
also show an inversion towards magnesio-ferrite pre-
cipitation, from the partly dissolved hematite and Mg, 
probably extracted from the glass phase of FA.

As observed on the calculated to measured amount of 
amorphous phase, geopolymerisation is heavily cata-
lyzed by the RM addition. After the NaOH concentration 
is too low for cancrinite type phases to increase in 
amount, starting from the mixture with 10 % RM, the 
amorphous phase formation is signifi cantly higher. Zeo-

Table 4: Phase composition of the geopolymer samples, in weight percent as calculated by Rietveld refi nement

Phase name, chemical formula and its PDF fi le nr./RM % 0 5 10 20 30
Quartz SiO2 PDF 46-1045 18.3 14.9 16.5 13.9 11.3
Albite (Na,Ca)Al(Si,Al)3O8 PDF 41-1480 8.8 6.6 9.5 7.5 3.9
Cancrinite-OH Na8(Al6SiO24)(OH)1.4(CO3)0.3(H2O)6.35 PDF 88-1931 - 15.3 6.0 0.0 1.0
Faujasite-Na K69.8Al69.8Si122.2O384 PDF 26-0893 2.1 1.5 0.5 0.5 0.3
Calcite CaCO3 PDF 05-0586 10.1 5.4 5.6 7.1 6.4
Hematite α-Fe2O3 PDF 33-0664 6.0 7.3 7.3 10.3 12.5
Maghemite γ-Fe2O3 PDF 39-1346 1.5 3.4 0.0 0.5 0.6
Akermanite-(Al) Ca2(Mg0.75Al0.25)(Si1.75Al0.25O7) PDF 79-2424 5.3 5.1 4.2 3.8 3.7
Magnesioferrite (Mg0.146Fe0.854)(Fe0.573Mg0.427)2O4 PDF 89-6187 4.9 1.3 5.6 5.1 4.3
Gobbinsite Na3Al3Si5O16·6H2O PDF 25-0779 0.5 0.0 0.5 1.9 0.0
Thenardite Na2SO4 PDF 74-2036 2.9 1.6 2.5 3.7 4.0
Thermonatrite Na2CO3·H2O PDF 08-0448 2.4 0.9 0.9 0.9 1.9
Microcline K(AlSi3)O8 PDF 76-1238 3.5 2.8 2.9 3.9 2.8
zeolite-LTA (or A) Na12Al12Si12O48(H2O)27 PDF 73-2340 0.6 0.9 0.1 0.2 0.1
Cancrinite Na6(Al6Si6O24)(CaCO3)(H2O)2 PDF 71-0776 4.3 5.0 11.3 13.6
Gibbsite α-Al(OH)3 PDF 33-0018 0.8 0.9 0.3 1.6
amorphous 33.0 28.0 32.0 29.0 32.0

Figure 9: XRD pattern of fl y ash - red mud based geopolymers with the most important peaks 
(Fau – faujasit, Go – gobbinsite, Can – cancrinite, Gib – gibbsite, Hc – hydroxylcancrinite, Q – quartz, 

H – hematite, Th – thermonatrite, Cc – calcite, Ak – akermanite) (y-axis shifted for visualisation)
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lite formation is inhibited in the optimal 10 to 20 m/m % 
RM addition, which resulted in the highest compressive 
strength of geopolymer specimens.
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4. Conclusions

Based on the results of the laboratory investigation, 
the following conclusions are drawn. Mechanical activa-
tion of FA enhanced the reactivity and consequently the 
properties of the resulted geopolymer, i. e. the compres-
sive strength was improved by two times and specimen 
density increased as well. Good correlation was found 

between compressive strength and specimen density of 
geopolymer in case of mechanically activated FA based 
and RM bearing ones. RM can substitute the alkali acti-
vator and FA (aluminosilicate phase) in 10 – 15 %. Ad-
ditionally, compressive strength increased due to RM 
addition by 2.5 times. Phase composition changes are 
determined by RM and activator ratio, inhibits zeolite 
formation which leads to a compressive strength in-
crease.
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SAŽETAK

Zajednička uporaba crvene isplake i mehanički nastaloga lebdećeg pepela 
u geopolimerima

U radu je ispitana zajednička uporaba dvaju glavnih industrijskih otpada kod elektrana – lebdećega pepela i crvene ispla-
ke. Eksperimentalno je pokazano kako postoji korelacija između fi zičkih svojstava dobivenih geopolimera te udjela 
 takvih otpada. Stoga je ispitana uloga mehaničke aktivacije lebdećega pepela i udjela crvene isplake tijekom geopolime-
rizacije. Taj postupak načinjen je s različitim udjelima crvene isplake – od 0 do 30 težinskih postotaka. Tlačna čvrstoća 
geopolimera s lebdećim pepelom povećava se do 15 % nakon dodavanja crvene isplake. Također su određeni i optimalni 
omjeri. Utjecaj isplake na fazni sastav i kemijske veze unutar geopolimera određen je XRD analizom i FTIR studijama. U 
njima su prepoznati novi minerali naziva hydroxycancrinit, faujasit i tenardit.

Ključne riječi:
crvena isplaka, lebdeći pepeo, mljevenje, geopolimer, čvrstoća, mineralne faze
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