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ABSTRACT. Due to the continuous shutdown of coal fired power plants, landfilled fly ash 
(FA) has become a substantial secondary resource for several branches of industry. The 
utilisation of FA as a raw material for geopolymerisation is becoming more and more 
widespread not only because of the appropriate reactivity of the base material, but also the 
environmentally benefits and good mechanical properties of the final products. Examination of 
the effect of mechanical activation of landfilled brown coal FA from Tatabánya (Hungary) on 
the mechanical properties of geopolymers was carried out. The FA was ground in a ball mill 
for 10, 20, 30, 60 and 120 minutes before geopolymer production. However, fluctuation was 
observed in the unconfined compressive strength results. Thus, comparison was made with 
previous data on geopolymers made from “fresh” FA to reveal possible reasons behind the 
inconsistency. Furthermore, both the raw materials and the geopolymers were examined 
(particle size analysis, FT-IR analysis, XRF, SEM) to investigate their geopolymerisation 
behaviour. Important conclusions can be drawn from the results about the effect of mechanical 
activation on the modification and reactivity of landfilled FA. 
 
Keywords: Compressive strength, Deposited fly ash, Geopolymerisation, Mechanical 
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INTRODUCTION 
 

Over the past decades, sustainable consumption and production has been recognised as a key 
political, economic and industrial concept. In 1992, the United Nations Conference on 
Environment and Development conference was held in Rio de Janeiro where issues such as 
limited water supply, health problems caused by air pollution and the use of alternative energy 
sources were addressed [1]. As a result, sustainable consumption and production was included 
in the 2030 Agenda for Sustainable Development that was adopted by all United Nations 
Member States in 2015. Among the 17 sustainable development goals proposed by the UN, 
goal 12 was set to “Ensure sustainable consumption and production patterns”. Some of the 
main issues that should be resolved until 2030 include the reduction of waste, the efficient use 
of natural resources and the elimination of ineffective fossil fuel subsidies [2]. 
 
Between 2000-2016, almost 10 % decline in the use of solid fossil fuels (e.g. lignite, brown 
coal, peat etc.) and over 15% increase in the use of renewable energy sources could be observed 
in the European Union [3]. However, in China and India, over 70% of the total electricity 
production was from various coal sources in 2015, with an increasing tendency in India [4]. 
 
The reduced use of solid fossil fuels for electricity production is a suitable method to reduce 
greenhouse gas emissions. However, the fly ash produced by fossil fuel power plants is a 
potential and valuable raw material for the construction industry that also contributes to the 
decrease of CO2 emissions through the replacement of Portland cement. Due to the shifting of 
secondary raw material sources from the EU to Asian countries, the solution to the shortage of 
domestic fly ash sources can be importing or using previously landfilled fly ash [5, 6]. 
 
Geopolymers are synthetic alumino-silicate materials produced through the reaction between 
solid alumino-silicates and oxides with alkaline media [7, 8]. The effect of the mechanical 
activation of fly ash on the mechanical properties of geopolymers has been examined using 
various mill types [8, 9, 10, 11]. However, the effect of grinding on the mechanical properties 
of landfilled fly ash geopolymers is a less investigated topic. 
 
Kusnierová et al. [12] examined the amorphous content change in black coal fly ash in relation 
to time (i.e. 5 and 20 years) and determined that the samples underwent significant 
devitrification. Yeheyis et al. [13] carried out similar investigation, concentrating on the 
chemical, mineralogical and geochemical properties of landfilled fly ash. The samples were 
deposited at various times and at various depths. Thus, the effects of weathering were also 
examined. According to their results, the mineralogy and microstructure of the fly ash was 
altered and the formation of secondary minerals (e.g. calcite and ettringite) could be observed, 
mainly due to hydration, carbonation and pozzolanic reactions. 
 
The mechanical activation of deposited fly ash and its effect on geopolymer products was 
examined by Mucsi et al. [14, 15] and Molnár et al. [16], concluding that the compressive 
strength of geopolymers can be controlled via milling the deposited fly ash – because of the 
higher specimen density, the compressive strength was also increased. Szabó et al. examined 
the effect of milling on geopolymer foam and were able to establish connection between the 
rheology of geopolymer paste and the decreased particle size [17]. 
 
The aim of the research is to examine the potential usage of landfilled fly ash from Tatabánya 
(Hungary) and to explore the possibility of tailoring the mechanical properties of geopolymer 
products from landfilled fly ash by grinding. 
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MATERIALS AND METHODS 
 
Landfilled brown coal fly ash (B-FA) from Tatabánya (Hungary) and fresh lignite fly ash (L-
FA) from Mátra Power Station, Visonta (Hungary) were used for the experiments. The 
chemical composition of the FA samples was measured with Rigaku Supermini 200 type X-
ray fluorescence spectrometer. The results of the XRF analysis are summarised in Table 1. The 
examination of the chemical compositions revealed that both samples are class F fly ash with 
rather similar SiO2 content. However, the B-FA contained higher wt.% Al2O3 which can have 
positive effect on the geopolymerisation process, while the L-FA had higher CaO content that 
can result in pozzolanic reactions beside geopolymerisation. 
 

Table 1  The chemical composition of the FA samples. 
 

 B-FA L-FA 

Chemical composition, wt.% 

SiO2 46.40 48.10 
Al2O3 27.40 14.42 
CaO 7.04 11.76 

Fe2O3 6.96 10.97 
MgO 2.23 3.34 
K2O 1.65 1.66 
TiO2 0.941 0.492 
Na2O 0.50 0.37 
MnO 0.029 0.171 
P2O5 0.117 0.264 

Σ 93.27 91.55 
 
The loss on ignition (LOI) was low for both samples: 0.75% for B-FA and 0.37% for L-FA. 
 
The mechanical activation of the fly ashes was carried out in a Ø305×305 mm size cylindrical 
ball mill with steel ball grinding media. The filling ratio of the grinding media was 30 V/V%, 
the material filling ratio was 110 V/V%. The time duration of mechanical activation was 5, 10, 
20, 30, 60 and 120 minutes for B-FA and 5, 10, 20, 30 and 60 minutes for L-FA. 
 
The particle size distribution of the samples was examined with a Horiba LA950 V2 type laser 
particle size analyser. The specific surface areas (SSA) were calculated from the distributions, 
using shape factor 1.75. 
 
The microstructures of the raw fly ash samples were examined with a Phenom ProX EDX 
scanning electron microscope (SEM). 
 
The structure of the geopolymer products was investigated with a JASCO FT-IR 4200 type 
Fourier Transformed Infrared Spectrometer, equipped with a single-reflection diamond crystal. 
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RESULTS AND DISCUSSION 
 
For the B-FA geopolymer specimens 75 wt.% Betol SB type water glass (25.3% SiO2; 13.7% 
Na2O; 2.7% K2O) and 25 wt.% NaOH in 8M concentration was used as activator solution. The 
liquid-solid ratio of the geopolymers was 0.82. After moulding and a 24-hour holding time, the 
geopolymers were cured at 50 °C for 6 h, then the specimens were left to cool down. The 
uniaxial compressive strength tests were carried out after a five-day holding time. The effect 
of grinding time on the average uniaxial compressive strength and specimen density of 
landfilled B-FA geopolymers can be observed in Figure 1. 
 

 
 

Figure 1  The average compressive strength and specimen density values of B-FA 
geopolymers. 

 
Milling has been proven to be an appropriate process not only to modify the specific surface 
area and improve the reactivity of fly ash, but to drastically increase the mechanical strength 
of the resulted geopolymers as well [8, 10]. However, it has also been observed that the 
deposited fly ash has an optimal grinding time that can be observed as a maximum point in the 
compressive strength curve. After reaching the optimum, the compressive strength of the 
produced geopolymers starts to decrease with a close to linear trend. The occurrence of such 
decline might be due to the binding strength between the particles being higher than the strength 
of the particles itself [18]. The initial lack of reactivity is presumably due to the changes in the 
crystalline structure of fly ash (deamorphisation) during its stay in the deposit, but as it can be 
observed in Figure 1, the uniaxial compressive strength of the specimens could be improved 
with grinding the B-FA for 5 and 10 minutes. However, between 20-60 min grinding time, the 
mechanical activation had a negative effect on the compressive strength, which was reduced 
by more than half after 30- and 60-min grinding. Then, further mechanical activation had a 
positive effect on the compressive strength, reaching similar values achieved with shorter 
grinding time. 
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The decrease of specimen density can be a potential reason for the decrease of compressive 
strength [14, 16]. However, as no significant deviation can be observed in the specimen density 
values between 10-60 minutes grinding (Figure 1), the decreasing compressive strength is not 
related to changes in the compactness of the specimens. 
 
To reveal the possible cause of the considerable drop in the mechanical properties of 
geopolymers, first, specimens prepared from B-FA ground for 5, 30 and 120 minutes were used 
for FT-IR analysis. The obtained spectra can be seen in Figure 2. 
 

 
 

Figure 2  The FT-IR spectra of the B-FA geopolymers with 5-, 30- and 120-minute grinding. 
 
The stretching vibrations of –OH and HOH between are represented by a broad band, centred 
at ~3400 cm−1 and the bending vibrations between 1650 and 1630 cm−1. These bands are 
attributed to the absorbed water on the surface and the water in the cavities. The peaks around 
1400 cm-1 indicate the stretching vibrations of the O–C–O bond due to atmospheric 
carbonation. The sharp peak around 990 cm-1 is the result of the asymmetric stretching 
vibrations of Si–O–Si and Si–O–Al bonds, which is the indication of the geopolymerisation 
reaction [8, 19, 20]. The analysis revealed that no significant deviation can be found in case of 
the main peaks related to the geopolymerisation process. 
 
Experiments with fresh L-FA showed similar results that can be found in literature: the higher 
the milling time of fly ash is, the higher the mechanical properties of geopolymers will be [19, 
20]. The L-FA geopolymer specimens were prepared with 6 M concentration NaOH solution 
as alkaline activator, with 0.67 L/S ratio. The comparison of the effect of grinding of landfilled 
and fresh FA geopolymers on their compressive strength is illustrated in Figure 3. In contrast 
to the B-FA samples, a clearly increasing trend can be observed in the compressive strength of 
the L-FA specimens as longer grinding time was used for the preparation of fly ash. 
 
The morphology of the base materials was investigated to reveal possible differences in the 
used base materials. The SEM images of the raw fly ashes can be observed in Figure 4. 
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Figure 3  The average compressive strength of ground B-FA and L-FA geopolymers. 
 

The SEM images with 310-320x magnification (Figure 4 a and d) show mostly irregular shaped 
particles, both B-FA and L-FA samples containing a low amount of spherical cenospheres. 
Similar, irregular shaped agglomerates could be found in both samples at higher magnification 
(Figure 4 b and e), and the spherical particles only appeared at approximately <10 µm size 
(Figure 4 c and f). The porosity of the particles could also be observed, especially in case of 
the L-FA sample. 
 
The particle size distributions of the fly ashes after mechanical activation (Figure 5) clearly 
demonstrate the decrease in particle size as the grinding time became longer. In case of the B-
FA sample with 120 min grinding, increased number of fine particles can be observed, which 
may have contributed to the high compressive strength observed in Figure 1. 
 
The characteristic particle sizes and the calculated specific surface area values are summarised 
in Table 2. It can be seen, that the x50 of B-FA were lower at all but one examined sample and 
the x80 values were lower in every sample. The SSA of both fly ashes continuously increased 
with the longer milling time. The SSA of B-FA were higher than the L-FA values until reaching 
30 minutes. Then the SSA of L-FA nearly tripled from 3375.57 cm2/g at 30 min to 
9494.71 cm2/g at 60 min.  
 
 

CONCLUSIONS 
 
The effect of mechanical activation of deposited brown coal fly ash in a ball mill was examined. 
As the compressive strength results were different from the literature data, the structure of the 
geopolymers was examined and the base material was compared to a previously successfully 
utilised lignite type fly ash. Based on the FT-IR, XRF, particle size, specific surface area, and 
SEM test, no clear reason for the compressive strength decrease can be stated. Thus, further 
examinations should be carried out to reveal the reason for the behaviour of the specimens 
using X-ray Diffractometry (XRD) of the fly ash as well as the resulted geopolymers.  
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Figure 4  The SEM images of raw B-FA with M=310x (a), M=960x (b), and M=2600x (c) 
and raw L-FA with M=320x (d), M=820x (e) and M=2600x (f). 
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Figure 5  The particle size distribution of B-FA (left) and L-FA (right). 
 

 
Table 2  The characteristic particle size and SSA values of the FA samples. 

 
 B-FA L-FA 

Grinding 
time, min 

x50, 
µm 

x80, 
µm 

SSA, 
cm2/g 

x50, 
µm 

x80, 
µm 

SSA, 
cm2/g 

0 51.12 113.35 2246.72 52.04 119.32 2016.12 
5 31.62 82.78 2693.65 43.82 91.72 2133.77 
10 24.28 67.17 2805.6 29.84 69.67 2625.51 
20 17.50 43.82 3475.73 21.29 49.09 3042.25 
30 15.40 34.58 4540.29 18.94 43.58 3375.57 
60 12.21 23.66 7263.95 11.60 27.09 9494.71 
120 9.29 18.26 15981.23 - - - 
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