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Abstract

The paper explored the effect of mechanical activation of low-lime hydro removal ash of the Apatity Thermal 
Power Station on its binding properties without using alkaline and other chemical agents. Mechanical activation 
was carried out in an AGO-2 centrifugal-planetary mill for up to 400 s. The initial and mechanically activated ash 
were characterised by X-ray phase analysis, IR spectroscopy, scanning electron microscopy, laser granulometry, 
and specific surface area measurement. Following on from the data for aqueous leaching the initial mechano-
activated ash, and also IR spectroscopy and thermogravimetric analysis, it was determined that mechanical acti-
vation significantly increased ash reactivity towards water. Under normal solidification, the compressive strength 
of ash-based samples after 60–400 s of mechanical activation aged 7 and 28 days was 0.7–1.7 and 1.4–2.2 MPa, 
respectively.
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INTRODUCTION

Hard waste from coal-fired thermal power 
plants that is usually 5–20 % of the burned fuel 
is presented by ash (fly ash) and slag (bottom 
ash), the ratio of which depends on grinding fine-
ness of coal. Captured ash is collected in the dry 
state for the subsequent use or forwarded to the 
ash-disposal area by hydro removal in a mixture 
with slag. The volume of annual world production 
of fuel ash and slags is estimated at 750 million t, 
moreover, only about 25 % is utilized on aver-
age [1]. In Russia, the amount of accumulated ash 
and slag waste from Thermal Power Stations 
(TPS) is about 1.5 billion t, which is associated 

with significant land alienation and adverse envi-
ronmental impact [2].

A lot of papers (see, for example, reviews [1, 
3–7]) are devoted to various methods of the utili-
zation of waste from thermal power plants.

The key focus of the use of ash and ash-slag 
mixtures is the construction industry, where they 
can be used as part of lime-ash cements, geopoly-
mers (alkali-activated binders), as fine-grained 
aggregates of concrete, etc. [1, 3, 5, 8–10].

Traditionally, ashes are divided into two groups, 
such as high-calcium (basic, class C) with CaO 
content more than 10 % and low-calcium (acidic, 
class F) with less than 10 % of calcium oxide. Un-
like acidic ashes, high-calcium ones exhibit bind-
ing properties and form cement stone both inde-
pendently and in combination with acidic ashes, 
and also other pozzolanic additives. In order to 
enhance the reactivity of ashes, especially low-
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lime, mechanical activation (MA) has proved it-
self as an efficient instrument in geopolymer and 
other binding compounds [11–16]. To our knowl-
edge, there is no information in the literature re-
garding the mechanical activation effect on the 
hydraulic activity of low-calcium ash without the 
use of alkaline and other chemical activators.

The objective of this research was to explore 
binding properties of the mechanically activated 
hydro removal acidic ash of the Apatity TPS using 
only water and ash to prepare specimens.

EXPERIMENTAL

Table 1 presents the chemical composition of 
Apatity TPS hydro removal ash that was used in 
the work. The content was determined in accord-
ance with GOST 10538-87. The following section 
describes the mineral composition. 

Mechanical activation of ash was carried out 
in the AGO-2 laboratory centrifugal-planetary 
mill [11] in the air with a centrifugal factor of 40g 
lasting up to 400 s. Mechanical activation condi-
tions were used as follows: grinding bodies were 
steel balls with a diameter of 8 mm; the ratio of 
the mass of the balls to the mass of the crushed 
sample was 6 : 1. Mixing the original or mechani-
cally activated fly ash and water yielded normal 
consistency paste, from which samples with a size 
of 1.41 × 1.41 × 1.41 cm were formed. They were 
cured in the air at a humidity of 95–100 % and a 
temperature of 20±2 °С. The samples were tested 
for compressive strength using a PGM-100MG4A 
press. The compressive strength for each compo-
sition was determined as the arithmetic mean for 
three samples. 

X-ray phase analysis (XPA) was performed 
using Shimadzu XRD 6000 X-ray diffractometer 
(СuKα radiation). Recording X-ray diffraction 

patterns was performed with a step of 0.02° (2θ), 
signal accumulation time in each point of 1 s. 
Thermal analysis of hardened samples was carried 
out using a Paulik–Paulik–Erdei derivatograph 
(MOM, Hungary) at a 100 °C/min heating rate. 
The specific surface area (Ssp) of powders was 
measured by low-temperature nitrogen adsorp-
tion using the Flow Sorb II 2300 analyser (Mi-
cromeritics) and by Blaine method. The particle 
size distribution was determined using SALD-201V 
laser diffraction particle size analyser. 

The IR spectra were recorded using the Nico-
let 6700 FTIR spectrometer in KBr pellets. In 
order to obtain images by scanning electron mi-
croscopy (SEM), an LEO-1450 microscope was 
used. The carbon content was determined using 
the ELTRA CS-2000 analyser. Ash leaching was 
performed with distilled water at 20±2 °C with a 
solid/liquid ratio of 1 : 40 using magnetic stirring 
for 5 h. After filtration, the liquid phase was ana-
lysed using the ICPE-9000 inductively coupled 
plasma atomic emission spectrometer (Shimadzu).

RESULTS AND DISCUSSION

The basis of the Apatity TPS ash (about 60 %) 
is the glass phase as spherical particles (micro-
spheres), along with which ash contains sintered 
irregularly shaped mineral particles with a devel-
oped surface in a comparable amount [17–19]. 
Both types of particles are clearly visible in the 
SEM image of the initial ash (Fig. 1, a). Mechani-
cal activation for 60 seconds leads to a significant 
reduction in particle size and breakage of the 
larger part of microspheres (see Fig. 1, b). After 
180 s of mechanical activation, according to SEM 
data (not shown), almost all microspheres are de-
stroyed.

Fig. 1. SEM images of the original ash (a) and ash after 60 s of mechanical activation (b).
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Figure 2 gives X-ray diffraction patterns of 
the initial (curve 1) and mechanically activated 
ash for 400 s (curve 2). Resulting from mechano-
chemical treatment in a planetary mill, there is 
the broadening of reflections of crystal phases 
that are part of ash composition, such as quartz, 
mullite, magnetite, and hematite due to a de-
crease in sizes of crystallites (coherent scattering 
regions) or/and microdeformation of crystalline 
lattices.

It was impossible to separate contributions of 
these two factors because of the overlapping of 
diffraction peaks and low intensity of a signifi-
cant portion of them.

The X-ray diffraction pattern of mechanically 
activated ash contains a broad peak correspond-
ing to the main reflection of elemental iron that 
appears in the sample resulting from the autoge-
nous grinding of mill balls and vial (milling yield). 
According to chemical analysis data, the milling 
yield is about 1 % mass of Fe after 400 s of me-
chanical activation. 

The IR spectrum of the initial ash (Fig. 3, 
curve 1) contains bands of Si–O–Si asymmetric 
stretching vibrations (1165 cm–1), T–O–Si asym-
metric stretching vibrations, where T = Al or Si 
(1085 cm–1), Si–O–Si symmetric stretching vi-

brations (797 and 776 cm–1), T–O–Si symmetric 
stretching vibrations , where T = Al or Si 
(692 cm–1), symmetric stretching vibrations of 
Al–O–Si (557 cm–1), and Si–O–Si deformation 
vibrations (460 cm–1). 

In agreement with XRF data (see Fig. 2), the 
shoulder at 1165 cm–1 and bands at 1085, 797, 776, 
692, and 460 cm–1 correspond to α-quartz, and the 
band at 557 cm–1 is corresponding to mullite [9, 20]. 
The broad band at 1085 cm–1 may also be referred 
to the amorphous aluminosilicate phase of ash [9]. 
The bands at 3430 and 1630 cm–1, respectively, 
correspond to the stretching and bending vibra-
tions of water adsorbed on the surface of ash par-
ticles. The band at 1418 cm–1 corresponds to sym-
metrical bending vibrations of the CO3

2– group in 
the composition of carbonates formed during the 
interaction of ash and atmospheric carbon dioxide.

Mechanical activation of ash for 400 s leads to 
a notable increase in the intensity of adsorption 
bands in the 1100–400 cm–1 range, especially the 
band of Si(Al)–O–Si asymmetric stretching vibra-
tions near 1085 cm–1 (see Fig. 3, curve 2). Similar 
changes in IR spectra of mechanically activated 
ash noted earlier in [14, 21] may be probably re-
lated to rearrangements in the nearest atoms sur-
rounding. There is also an increase in the intensity 

Fig. 2. X-ray diffraction patterns of the initial ash (1), ash after 400 s of mechanical activation (2) 
and a sample based on ash mechanically activated for 400 s, after curing for 28 days (3). Solid 
phases: Q – a-quartz SiO2 (PDF 46-1045), M – mullite 3Al2O3•2SiO2 (PDF 15-776), N – magnet-
ite Fe3O4 (PDF 19-629), H – hematite Fe2O3 (PDF 33-664), F – elemental iron (PDF 6-696).
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and the broadening of the carbonate band in the 
1500–1400 cm–1 range, which may be explained 
by mechanically induced sorption of atmospheric 
carbon dioxide as СО3

2– groups due to the presence 
of alkaline earth metals in ash [22]. The results of 
chemical analysis of the initial ash and ash after 
400 s of mechanical activation prove this conclu-
sion. According to the analysis, carbon content 
therein was 0.89±0.02 and 1.38±0.03 % of carbon, 
respectively. It is worth noting that these values 
characterize the total carbon content, both car-
bonate and that in the composition of the un-
burned residue of coal fuel (underburning).

Figure 4 gives the specific surface area of ash 
versus mechanical activation time. According to 
the data acquired by Blaine method, the maxi-
mum specific surface area is reached after 250–
300 s of mechanical activation; afterwards, Ssp is 
gradually reduced (see Fig. 4, curve 1). Alongside 
with that, the specific surface area determined 
according to nitrogen low-temperature adsorp-
tion increases steadily in the whole range of me-
chanical activation time (see Fig. 4, curve 2). This 
testifies that the internal surface of aggregates is 
accessible for gas molecules. 

Figure 5 presents integral particle-size distri-
bution curves for initial and mechanically acti-
vated ash. The same figure gives indicators d25, 

d50, and d75 values. In accordance with the data 
for Ssp (see Fig. 4), the most intense disintegration 
of ash proceeds within the first 180 s of mechan-
ical activation. In particular, the median diame-
ter, d50 decreases from 17.3 µm for the initial ash 
to 3.33 µm for mechanically activated one for 
180 s, i.e. by more than 5 times. During the next 
220 s (mechanical activation total time of 400 s), 
d50 is reduced as high as 2.79 µm, i.e. by 1.2 times 
with against the sample after 180 s of mechanical 
activation.

Figure 6 presents compressive strength data 
for samples based on initial and mechanically ac-
tivated ash after curing at normal conditions for 
7 and 28 days. With increasing mechanical treat-
ment time, the strength continuously increases, 
reaching 1.7 and 2.2 MPa for ash-based samples 
after 400 s of mechanical activation aged 7 and 
28 days, respectively. It is also worth noting that 
the initial ash has insignificant binding proper-
ties, in other words, the strength was 0.3 MPa 
after 28 days of curing at normal conditions (Fig. 
6, curve 2). There was no positive effect of iron 
impurity in ash on strength because of milling. 
The destructive effect of milling in the course of 
hardening aluminosilicate geopolymer composite 
was found in [23]. The effect is due to the fact that 
during hydration, goethite FeO(OH) is formed re-

Fig. 3. IR spectra of the initial ash (1), ash after 400 s of mechanical activation (2) and a sample 
based on ash mechanically activated for 400 s, after curing for 28 days (3).
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sulting from milling yield; its volume is 3 times 
higher than that of the metal iron. This causes the 
appearance of cracks in the samples and a drop in 
strength. Therefore, having reduced milling yield, 
for example, by having used the method of self-
lining [24] or using a more wear-resistant material 
of the balls and the grinding vial, one may expect 
improved binding properties of mechanically acti-
vated ash. 

As noted above, in order to explore strength 
properties, small-sized samples (1.41 × 1.41 × 1.41) 
cm were used. Having determined the correspond-
ing conversion factors, the resulting strength may 
be recalculated into strength according to GOST 
samples.

Table 1 gives solutions analysis results and the 
extraction degree of the main components of ini-
tial and mechanically activated ash into the liquid 
phase during aqueous treatment.

Following on from the research on the interac-
tion of a broad range of aluminosilicate minerals 
with solutions of alkali metal hydroxides, it was 
demonstrated in [25] that in geopolymer synthe-
sis, it was relatively hard to reveal unambiguous 
correlations between extraction of components 
into the liquid phase and geopolymers strength. 
Using factor analysis method, it was found that 
among all the main elements contained in alumi-
nosilicates, silicon leaching into a solution was of 
the greatest importance against increasing ge-
opolymer strength. In our experiments, ash treat-
ment was carried out with water rather than 
with alkaline solutions. Nevertheless, as it follows 
from the data in Table 1, a rise in strength with 
increasing mechanical activation time (see Fig. 6) 
also agrees best with the corresponding enhanced 
extraction of silicon into the liquid phase.

It is known that an increase in the reactivity 
of solids during mechanical activation is driven 
by not only and not so much increasing Ssp re-
sulting from disintegration. The accumulation of 
dislocations and other defects in a solid has a sig-
nificantly larger impact on the rate of heteroge-
neous processes with the involvement of mechan-
ically activated powders. As a result, if there are 
no diffusion limitation and side processes, the 

Fig. 4. Dependence curves of the ash specific surface area 
measured by Blaine method (1) and low-temperature nitrogen 
adsorption (2) versus mechanical activation duration.

Fig. 5. Integral curves of ash particles size distribution: 1 – 
initial ash; 2–5 – after 30, 120, 180, and 400 s of mechanical 
activation, respectively. 

Upper boundaries of particle diameters (µm), contents of 
which are 25 (d25), 50 (d50), and 75 % (d75)

Curve No. d25 d50 d75

1 8.11 17.3 33.1

2 3.42 6.28 11.4

3 2.59 4.47 7.91

4 1.88 3.33 5.33

5 1.43 2.79 4.63

Fig. 6. Compressive strength of ash samples after curing at 
normal conditions for 7 (1) and 28 days (2) depending on me-
chanical activation duration.
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rate of dissolution of mechanically activated sub-
stances increases faster than the specific surface 
area does [26, 27]. The indicated trend is not ad-
hered for the aqueous treatment of ash, which 
testifies a more complex nature of the interaction. 
For example, ash specific surface area measured 
according to the nitrogen low-temperature ad-
sorption method after 400 s of mechanical activa-
tion is by 3.6 times higher than a similar value for 
the initial ash (see Fig. 4). Alongside with that, 
extraction of silicon, aluminium, and magnesium 
into a solution after mechanical activation of ash 
for 400 s is increased by 1.8, 1.3, and 1.2 times, 
respectively, while for calcium and iron, the 
leaching into the liquid phase almost does not de-
pend on mechanical activation time and specific 
surface area (see Table 2). It is noteworthy that 
the degree of leaching of calcium and magnesium 
is by 2 orders of magnitude higher than a similar 
value for silicon and aluminium (see Table 2). Ap-
parently, such a low extraction of Si and Al is 
related to their precipitation as hydrated silica 
(silica gel) and low-soluble amorphous hydro-alu-
minosilicates [28, 29]. 

The data of IR spectroscopy and thermal anal-
ysis prove the hydration of mechanically activated 
ash. The IR spectrum of a sample based on 28 day-
aged ash mechanically activated for 400 s (see 
Fig. 3, curve 3) has a significant narrowing of the 
band of Si(Al)–O–Si asymmetric stretching vibra-
tions in the 1200–1000 cm–1 range. This testifies 
the appearance of cementitious newly formed 
phase with a more ordered location of Si(Al) oxy-
gen tetrahedra. The cementitious phase is of amor-
phous nature, as there are no new reflections in 
X-ray diffraction patterns of hardened samples 
compared to mechanically activated ash (see 
Fig. 2, curves 2 and 3). 

There was a similar decrease in the width of 
the band of Si–O–Si asymmetric stretching vibra-
tions during hardening of mechanically activated 
hydrated magnesia ferriferous slag, the basis of 
which was glass of the olivine composition [30]. 

According to thermogravimetric analysis data 
(not given), the correlations of the strength of 
samples with mass losses have been found in the 
120–320 °С range. The latter are likely related to 
the dehydration of newly formed hydrosilicates. 
For instance, the mass loss for 28 day-aged ash-
based samples prepared using ash after 180 and 
400 s of mechanical activation (compressive 
strength of 1.6 and 2.2 MPa, respectively) was 1.1 
and 1.8 %, respectively.

CONCLUSIONS

1. Resulting from mechanical treatment of low-
lime hydro removal ash of the Apatity TPS in a 
centrifugal-planetary mill, there is an increase in 
the intensity of Si(Al)–O–Si stretching vibrations 
near 1200–1000 cm–1 in the IR spectrum. This is 
probably driven by rearrangements in the nearest 
atoms surrounding. According to IR spectroscopy 
and chemical analysis data, mechanical activation 
of ash for 400 s results in absorption of atmos-
pheric carbon dioxide in the form of carbonate 
groups (about 0.5 mass % per carbon).  

2. There is the most intense increase in the 
specific surface area of ash within the first 180 s 
of mechanical activation. The ash specific surface 
area determined by the Blaine method passes 
through a gentle maximum in the range of 250–
300 s of mechanical activation and then gradually 
decreases due to the enhanced formation of ag-
gregates, the inner surface of which is accessible 
for nitrogen molecules. 

3. Mechanical activation of ash markedly in-
creases its reactivity towards the water. As a 
consequence, unlike the initial ash, mechanically 
activated one exhibits hydraulic properties with-
out the use of chemicals. For example, under cur-
ing at normal conditions, the compressive strength 
of 28 day-aged ash-based samples prepared using 
ash after 60–400 s of mechanical activation is 
1.4–2.2 MPa.

4. Experimental data on the aqueous leaching 
of ash, and also IR spectroscopy and X-ray phase 
analysis for hardened samples make it possible to 
assume that the cementitious phase is formed re-
sulting from the intensification of the transition 
of silicon and other components of mechanically 

TABLE 1
Concentrations of Al2O3, SiO2, MgО, CaО, and Fe2O3  
in the liquid phase after aqueous leaching  
of initial and mechanically activated ash, mg/L

Component Duration of MA, s

0 180 400

Аl2O3 1.04 (0.027 %) 1.23 (0.032 %) 1.33 (0.034 %)

SiO2 3.85 (0.039 %) 6.59 (0.067 %) 6.76 (0.070 %)

МgO 11.2 (1.68 %) 13.3 (2.00 %) 13.8 (2.07 %)

СаO 39.2 (5.34 %) 43.0 (5.85 %) 42.0 (5.72 %)

Fе2O3 0.39 (0.01 %) 0.40 (0.01 %) 0.39 (0.01 %)

Note. Values of recovery degree of components computed 
according to their solution concentrations and contents in ash 
are given in brackets.
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activated ash into the liquid phase followed by 
the formation of silica gel and X-ray amorphous 
hydro-aluminosilicates.
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