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Geopolymers have been synthesized from mechanically activated lignite and brown coal �y ash. Mechanical
activation of �y ash has been carried out using laboratory ball mill. To determine the structural changes in both,
the �y ash and the resulted geopolymer, Fourier transform infrared spectroscopy measurements were performed.
Isothermal conduction calorimetry method was applied to study the geopolymerisation reactions in mechanically
non-activated (raw) and activated �y ash samples. The isothermal conduction calorimetry results showed similar
peak intensity for mechanically activated (5�30 min) �y ash samples. However, the intensity of peak for 120 min
milled brown coal �y ash was the highest. The compressive strength of the specimen was found to be dependent
on the grinding residence time as well as composition/type of �y ash.
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1. Introduction

Fly ash is a pozzolanic �nely dispersed residue (mineral
matter showing pozzolanic activity) collected in electro-
static precipitators following combustion of coal in coal
�red power plants. Particle size distribution of the �y
ash depends on minerogenetic composition of the fuel
coal �neness of grinding and parameters of the system
the �y-ash was collected in.
The chemical and mineralogical compositions of the

various (class C and F) �y ash types are very di�erent.
Therefore, their application, based on the material com-
position and reactivity, is diverse. Nevertheless, their re-
activity can be improved by mechanical activation lead-
ing to increase their application possibilities.
Smekal (1952) [1] de�ned the term of �mechanical acti-

vation� as processes a�ected by mechanical energy, which
increase the chemical reactivity of the system without al-
tering chemical composition. However, there are several
states of mechanical activation and the following situ-
ations can be distinguished: (i) mechanical dispersion,
(ii) surface activation, and (iii) mechanochemical (struc-
tural) activation [2].
The primary e�ect of mechanical activation is the com-

minution of mineral particles, which results in changes in
a great number of physicochemical properties of a par-
ticular system. During mechanical activation, the crystal
structure of a mineral usually becomes disordered and the
generation of defects or other metastable forms can be
registered [3]. It has been reported that the application
of high energy mills like planetary mills and vibratory
mills allow dramatic change of the structure and surface
properties of solid materials [4�6].
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Research results demonstrated that mechanically-
treated cements show an increase in compressive strength
after 28 days and also have a faster process of hydration
and shorter setting time. A reduction in median particle
size generally results in an increased hydration rate and,
therefore, higher early strengths are achieved [7�10].
Geopolymers are amorphous aluminosilicates which

can be produced by the reaction between silica and alu-
minosilicate in alkaline medium (NaOH and/or KOH).
Due to its simple, energy e�cient and eco-friendly pro-
duction method, good durability and mechanical prop-
erties of geopolymers can replace conventional materials
from low tech application (building industry, waste im-
mobilisation) to high tech industry (ceramics with special
properties, composites).
Several materials are suitable for geopolymer produc-

tion which contains silica and alumina bearing phases,
like primary (metakaolin) or secondary (�y ash, steel
slag, red mud, etc.) raw materials [11, 12]. Fly ash is
a potential raw material for geopolymers, thanks to the
signi�cant presence of SiO2 and Al2O3 as the main com-
ponents [13].
The aim of the present research is to study the e�ect

of mechanical activation on the reactivity of two types
(lignite and brown coal) �y ash samples during geopoly-
merisation and to examine the relation between �y ash
�neness and geopolymer compressive strength.

2. Materials and methods

2.1. Materials

Two types of �y ash samples were used, i.e. a lig-
nite (Mátra Power Station - Visonta) and a brown coal
(Tiszaújváros dumpsite) ones. The chemical composition
of both samples can be found in Table I.
Main mineral phases identi�ed in both raw �y ash

samples were quartz, mullite, cristoballite, quartz,
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TABLE I

Chemical composition of �y ash samples for main com-
ponents. L.O.I. � loss on ignition

Fly
ash

SiO2 Fe2O3 Al2O3 CaO MgO Na2O K2O SO3 L.O.I.

brown
coal

61.32 4.27 26.71 1.50 0.89 1.06 1.72 0.25 1.92

lignite 45.85 12.05 16.82 12.97 2.90 0.50 1.83 3.76 2.25

maghemite, anhydrite and albite. The amorphous con-
tent for lignite and brown coal �y ash was 52% and 70%,
respectively. The moisture content of lignite �y ash was
very low (0.27%) in comparison to brown coal one which
was signi�cantly higher (17.3%).

2.2. Mechanical activation

The mechanical activation experiments under dry con-
dition were carried out in a conventional tumbling labo-
ratory ball mill with the size of 303× 305 mm2 (length×
diameter)minternal diameter (smooth walled), with steel
balls (maximal ball size 50 mm) as grinding media. The
mill �lling ratio of the grinding media was 30 V/V%, the
material �lling ratio was 110 V/V% (related to the pore
volume of the grinding media). The operating revolution
number to critical revolution number (e) was 80%. Res-
idence time of mechanical activation was 5, 10, 20, 30,
and 60 (120) min. The mechanical activation was car-
ried out until the same �neness (in median particle size)
for both samples.

2.3. Geopolymerisation

Geopolymer specimens were made by mixing raw or
ground �y ash and alkaline activator NaOH (6, 8, 10,
and 12 M) solution using 0.67 liquid/solid ratio. The
paste was placed into pre-oiled moulds and compacted
by vibration. The compacted paste was kept in moulds
for 24 h at ambient temperature followed by heat curing
at 90 ◦C for 6 h. After heat curing the specimens were
cooled down to ambient temperature. The mechanical
test was carried out by Compression Testing Machine at
the age of 7 days.

2.4. Characterization

The chemical composition of raw samples was mea-
sured by a Rigaku Supermini X-ray �uorescence spectro-
meter apparatus.
The mineral composition of the raw �y ash was deter-

mined by a Bruker D8 Advance XRD powder di�rac-
tometer (Cu Kα radiation, 40 kV, 40 mA. Quantita-
tive evaluation was made by Rietveld �tting method on
TOPAS3 software using FPM based instrument convolu-
tion.
The particle size distribution (PSD) of the raw and

the ground materials was measured by HORIBA LA-
950V2 laser di�raction particle size analyzer in wet mode

using distilled water as dispersing media and sodium-
pyrophosphate as dispersing agent applying the Mie-
theory as evaluation method. The speci�c surface area
(SSA) was calculated using PSD data by the laser sizer
software.
Moisture content (n) was measured by weight di�er-

ence after drying the sample in an oven at 105 ◦C until
constant mass was achieved.
The structure of the �y ash and the geopolymer prod-

uct was investigated by the Fourier transform infrared
(FTIR) method. Stretching and bending vibrations of
chemical bonds in samples were induced by infra range
electromagnetic waves detected by JASCO FTIR 4200
type Fourier transform infrared spectrometer in re�ec-
tion mode. Three tests were carried out parallel from
each sample (4 cm−1 resolution number).
Heat evolution (dq/dt) measurements during geopoly-

merisaton were carried out by eight channel isothermal
conduction calorimeter (TAM AIR, Thermometric AB,
Jarafalla, Sweden). Seven grams of �y ash was mixed
with 7 ml of 6 M NaOH activator solution. Activator
solution was prepared by the dissolution of NaOH �akes
in distilled water at least 24 h before calorimetric mea-
surements. Measurements were taken at 60 ◦C.

3. Results and discussion

3.1. Mechanical activation

The grinding kinetics of the �y ash samples in a
tumbling ball mill can be seen in Fig. 1. The brown
coal �y ash represents coarser feed particle size distri-
bution (x50 = 100.01 µm) than that of the lignite one
(x50 = 52.04 µm). Signi�cant particle size reduction was
observed in both cases. No aggregation of the �ne frac-
tion was seen even after 120 min grinding time of brown
coal �y ash.

Fig. 1. Particle size distribution of (a) lignite and (b)
brown coal �y ash.

Figure 2 shows the variation of the median particle
size (x50) of the two �y ash samples as a function of the
grinding time. It was found that logarithmic function
can describe the above relation. The equations and the
coe�cients of determination (R-squared) can be seen in
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Table II. The good �tting was proved by a very high value
of the R-squared, namely 0.98966 and 0.998099 for the
lignite and brown coal �y ash, respectively.

TABLE II

Fitting results of median size � grinding time relation.

Fly ash Equation R-squared
lignite ln(Y ) = −0.52 ln(X) + 4.61 0.98966

brown coal ln(Y ) = −0.61 ln(X) + 5.25 0.998099

Fig. 2. Variation of median particle size of �y ash sam-
ples as function of grinding time.

Almost similar �neness was reached as a result of �ne
grinding in both cases. The �nal grinding �neness of
the �y ash samples was 11.6 µm (60 min, lignite) and
10.62 µm (120 min, brown coal). Lignite �y ash size de-
creased faster than that of the brown coal �y ash one,
probably due to the lower composition of the hard com-
ponents of SiO2 and Al2O3 (Table I). A good correla-
tion between chemical composition and grindability was
found.
FTIR measurements were carried out to monitor the

change of �y ash structure during grinding (not presented
in this paper). It can be stated that the increasing
grinding time of brown coal �y ash resulted in higher
peak intensities, which can be associated with structural
changes. The intensities of the ground lignite �y ash (10,
30, and 60 min) showed very similar values to each other.
However, compared to the raw �y ash spectra, the inten-
sity of the activated �y ash increased signi�cantly.

3.2. Geopolymerisation

The process of geopolymerisation was monitored us-
ing FTIR and isothermal conduction calorimetry (ICC)
analysis. Regarding to the results of the FTIR spec-
troscopy, new peaks appeared due to geopolymerisation
(at 3225 and 3375, 1644 and 1651, 1387 and 1415, 891 and
877 cm−1 for brown coal and lignite �y ash, see Figs. 3
and 4) and other shifted to lower wavenumber (989 and
957 cm−1) and changed its intensity.

Fig. 3. Brown coal �y ash based geopolymer.

Fig. 4. Lignite �y ash based geopolymer.

Peaks at 3225 and 3375 cm−1 correspond to �OH,
HOH bonds stretching vibration, at 1644 and 1651 cm−1

to HOH bonds bending vibration, while at 891 and
877 cm−1 are related to Si�O stretching and OH bending
bond vibrations (Si�OH). Peaks at 1387 and 1415 cm−1

correspond to O�C�O stretching vibration.
Peaks observed at 1041 cm−1 and 1012 cm−1 in the

case of brown coal and lignite �y ash shift to lower
wavenumber (989 cm−1 and 957 cm−1) after geopoly-
merisation, indicates structural reorganization. It is as-
sociated with dissolution of amorphous phase of �y ash
in strong alkali media [14].
Higher peak intensities were observed as a function

of increasing grinding time indicating higher rate of
geopolymerisation [15]. Contrary to this, the FTIR spec-
tra of geopolymerised raw, 10 and 30 min ground brown
coal �y ash were very close to each other. Only the peaks
intensity of 120 min ground one was signi�cantly higher
(Fig. 3). A similar trend was observed in the case of
geopolymerised lignite �y ash. The raw, 10 and 30 min
samples behave similarly, and the 60 min ground one was
remarkably di�erent (Fig. 4). It indicates that the �nest
�y ash sample resulted in the highest geopolymerisation
rate.
Well marked di�erence in the spectra of the geopoly-

merised brown coal �y ash may be seen at 1387 cm−1.
The geopolymer from 120 min ground �y ash shows very
small intensity of the peak in this region (Fig. 3). This is
due to formation of less carbonate bond. Due to higher
milling time, �y ash has achieved �nest particle size and
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highest reactivity, which consequently resulted into bet-
ter geopolymerisation reaction and left little free alkali
to form carbonate. Additionally, it can be seen in Fig. 4
that the peak at 1415 cm−1 shifted to lower position
(1398 cm−1) in the case of the �nal �neness (60 min) com-
pared with other geopolymer products made of coarser
�y ash.
To study the e�ect of �y ash �neness on geopolymerisa-

tion mechanism, ICC was used at a temperature of 60 ◦C.
Figure 5 shows the heat evolution curve of the brown coal
�y ash geopolymer obtained for 21 h and of the lignite
�y ash sample obtained for 22 h.

Fig. 5. ICC results of (a) lignite and (b) brown coal �y
ash.

Three exothermic peaks were observed in both raw and
ground products. After wetting and starting dissolution
reaction, a short induction period can be observed dur-
ing 30�120 min, presumably due to low reactivity of �y
ash. This was followed by an exothermic peak related to
dissolution-precipitation reaction and formation of hy-
drated aluminosilicate gel phase. The third peak cor-
responds to geopolymerisation reaction. The increasing
grinding time resulted in the enhance of the last exother-
mic peak intensity (Fig. 5a), the 5 min ground �y ash
has peak maximum at 29.6 mW after 4 h 6 min, while
the 60 minutes ground �y ash reaches the maximum at
35.64 mW after 4 h 4 min, indicating a 21% increase.

Fig. 6. Relation between characteristic particle size
x50 and (a) geopolymer compressive strength and
(b) specimen density.

In case of brown coal raw �y ash (Fig. 5b), the third
peak reached earlier, but its intensity was relatively low.
It is probably due to that geopolymer reaction, ended
before the �nal hardened structure, could be formed, be-
cause the raw �y ash had low reactivity. The low com-
pressive strength of geopolymerised raw �y ash con�rms
this statement (Fig. 6a). The generation of the highest
heat (44.5 mW) was found to be after 4 hour 36 min in
the case of 120 min ground brown coal �y ash (Fig. 5a),
meaning 47% improvement. The maximum rate of heat
evolution increased with increasing �neness in both �y
ash samples.

3.3. E�ect of mechanical activation on geopolymer
compressive strength

In order to compare the geopolymer properties and
raw material characteristics, the median particle size
and geopolymer compressive strength relation was de-
termined (Fig. 6). The same trend was observed in the
lignite as well as brown coal �y ash based geopolymer.
Finer median particle size resulted in higher compression
strength. However, the lignite �y ash geopolymer showed
a steeper curve and compressive strength increased by
more than 300% due to the mechanical activation of �y
ash. The strength of the brown coal �y ash based prod-
uct enhanced by more than 500% higher after grinding.
Similar trend was found in the relation of median size and
specimen density (Fig. 6b). The results indicate that the
�ner particle size distribution of the raw material leads
to the higher specimen density of the geopolymer which
refers to higher compressive strength.
It was found, according to the FTIR, ICC and com-

pressive strength results, that mechanical activation of
both �y ash samples for 60 and 120 min leads to signif-
icant structural changes, which a�ected the compressive
strength in their geopolymerised products. However, as
can be seen in Fig. 6, the higher specimen density (a more
compact structure) and higher speci�c surface area are
responsible as well for strength improvement in the case
of coarser �y ash.
Beside the mechanical activation, the e�ect of chemi-

cal activation was investigated as well (Fig. 7). In this
measurement series the e�ect of NaOH concentration of
alkaline activator was studied as function of compressive
strength.
As a result of the concentration e�ect of the NaOH on

the compressive strength of the di�erent �y ash based
geopolymer product, it was found that brown coal �y
ash indicated a monotonous increasing curve reaching the
maximum of 10.2 MPa at 12 M. It means that the me-
chanical activation liberated the SiO2 and Al2O3 species
which can take part in the geopolymerisation reaction
resulting in a stronger structure. However, the curve of
the lignite �y ash based product has a maximum point of
12.3 MPa at 10 M. It is contrary to the literature data.
The main explanation might be that the newly formed
geopolymer structure damaged due to high alkaline con-
ditions (unreacted NaOH).
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Fig. 7. Variation of compressive strength of geopoly-
mer as function of NaOH concentration.

4. Conclusions

As a result of the investigation the e�ect of mechan-
ical activation on �y ash characteristics and on the
geopolymerisation was revealed. Furthermore, di�erence
in strength development was observed between the acti-
vated �y ash samples.
The relation of grinding time and median size of �y

ash can be described by logarithmic function. The FTIR
investigation of geopolymer specimens shows new peaks.
The shifting of peak position is due to structural changes
and amorphous aluminosilicate gel formation. Increasing
reactivity of brown coal �y ash demonstrated by FTIR
spectra of its geopolymers. Peak belonging to O�C�O
bonds (related to the presence of carbonate from unre-
acted activator solution) shows lower intensity in case of
�y ash with higher speci�c surface area based geopolymer
due to better alkali activator consumption in geopoly-
merisation process, which is associated with higher reac-
tivity of the �ner �y ash.
Based on ICC measurements, due to the increasing

�neness the exothermal peaks maxima also increased in
both cases. However, the increasing rate of brown coal
�y ash was higher.
A relationship was found between the geopolymer

physical properties (compressive strength, density) and
�y ash �neness (median particle size). The compressive
strength of the geopolymer can be reasonably controlled
by grinding process.
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