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Abstract: Man-made deposits of fly ash (FA) - a solid by-product of coal combustion -
accompany practically every thermal power station and many industrial plants. The total
annual production of FA worldwide is about seven-eight hundred million tons, of which
less than one third is recycled. The accumulated FA has become a problem for the environ-
ment due to its heavy metal content, which can be leach out. The mineral composition of
FA is mainly represented by the glass phase and also by quartz, mullite, magnetite and
other minerals. In the last decade, intensive studies have been carried out on the use of FA
for the preparation of geopolymer materials. Due to their energy savings, environmentally
friendly processing and high physicalmechanical properties, geopolymers are gaining at-
tention in the construction industry as a potential replacement for Portland cement. In this
work, we focused on the effect of natural dolomite addition to FA and mechanical activa-
tion of this blend on the geopolymerization process. The influence of dolomite dosage and
duration of mechanical activation in a planetary mill on the reactivity of the blend in rela-
tion to NaOH solution and on the geopolymer compressive strength was studied.
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1. Introduction

Man-made deposits of coal fly ash — a solid by-product of coal combustion -
accompany practically every thermal power station and many industrial plants.
The total annual production of coal ash worldwide, mainly fly ash (FA), is about
seven-eight hundred million tons, of which less than one third is recycled. The
accumulated FA has become a problem for the environment due to its heavy
metal content, which can be leach out. The mineral composition of FA is mainly
represented by the glass phase and also by quartz, mullite, magnetite and other
minerals. In the last decade, intensive studies have been carried out on the use of
FA for the preparation of geopolymer materials. Geopolymers are a subclass of
alkali activated materials synthesized by the reaction of low-calcium, natural and
industrially produced aluminosilicate raw materials, with an alkaline agent (for
example, NaOH solution or water glass) at temperatures close to ambient tem-
perature. [1-5]. Due to their energy savings, environmentally friendly pro-
cessing and high physical-mechanical properties, geopolymers are gaining atten-
tion in the construction industry as a potential replacement for Portland cement.
In addition, geopolymers possess a complex of valuable physicochemical prop-
erties, and thus based on them it is possible to create environmentally friendly
materials for fire and heat protection, wastewater treatment, matrices for the im-
mobilization of heavy metals and radioactive waste, and so on [6-8]. In previous
work, we studied the geopolymerization of FA blended with natural calcite [9].

To increase the reactivity of the raw material, mechanical activation (MA) of
the (FA + calcite) blends was carried out. The addition of calcite to FA was found



to improve the compressive strength of the geopolymers, especially at an early
age. In this work, we focused on the effect of natural dolomite addition to the
same FA using the same experimental program. The dolomite content in the mix-
tures was 0, 1, 3, 5, and 10 wt.%. The influence of dolomite dosage and MA time
in a planetary mill on the reactivity of the raw material in relation to NaOH solu-
tion and on the geopolymer compressive strength was studied.

2. Materials and Methods
2.1. Materials

Low-calcium FA (Class F) was sampled from the Apatity thermal power
plant (Murmansk region, Russia). Quartz and mullite are the main crystalline
phases in the FA (Fig. 1). Natural dolomite was taken from Titan deposit, Mur-
mansk Region, Russia. About 4-5 % of quartz and minor amount of calcite (Fig. 1)
are present in dolomite as admixtures. The dolomite was milled in a ball mill and
sieved with a 300 um mesh. Table 1 shows the chemical compositions of the FA
and dolomite.

Table 1. Chemical composition of the FA and dolomite, wt.%.

SiO:2 ALOs Fe:0; FeO CaO MgO SO; Na:O KO C P205 TiO: LOI
FA 56.26 1839 8.58 0.69 2.14 2.60 0.18 4.04 132 0.88 032 1.13 2.28
Dolomite 4.76 0.18 0.23 - 30.66 21.96 0.01 0.12 0.09 - - - 4435

Figure 1. The XRD patterns of the FA and natural dolomite. Phases marked are: Q—
quartz, M—mullite, C—calcite.

Intensity / a.u.

' |

i. il
|
Wmm w'U-WJﬁLJ “W“J i | wwuﬂ\.«»ﬂw‘”"u‘d‘«m
q FA

Q f MM o 4 a Q aM Q
Figure 1. The XRD patterns-of the FA—and maturat-dotomitePhases markedare: 1 Q—

quartz, M—mullite, C1%calcite. 2° 30 40 50 60 70
2 theta / degree

l\ 'I‘ Dolomite
A

2.2. Mechanical Activation

MA was carried out in an AGO-2 laboratory planetary mill (Novic, Novosi-
birsk, Russia) in air, at a centrifugal force of 40 g. Steel vials and steel balls 8§ mm
in diameter were used as the milling bodies. The details of MA were described in

(]
2
In this study, the terms “milling” and “mechanical activation” (“MA”) refer
to the same process of mechanical treatment using a laboratory planetary mill.



2.3. Synthesis of Geopolymers
Sodium hydroxide solution (8.3 M) was used as the alkaline agent. The mass

ratio of Na20 (present in NaOH solution) to the mechanically activated (FA +

dolomite) mixtures in the paste was equal to 0.06. The water content was adjusted
to give the same workability of the pastes, therefore, the water content varies. The
water to solid ratio (w/s) was defined considering the amount of water present in
the NaOH solution. Table 2 shows the composition of the blends used for prepa-
ration of the pastes. The unreacted (FA + dolomite) blends are denoted as FAXD,
where X is the dolomite content in the blend, wt.%. For example, FA10D denotes
the blend containing 90 % FA and 10 % dolomite. The geopolymers, synthesized
using these mixtures, are referred to as GFAXD.

The pastes were cast into 1.41 x 1.41 x 1.41 cm cubic molds. As with the (FA
+ calcite) blends [9], specimens were cured in a relative humidity of 95 + 5% at 22
+2 °C for 24 h. After demolding, the specimens were further cured to testing time
in the same conditions as applied in the first 24 h. Compressive strength data was
obtained from an average of 3 samples after 7, 28, 180, and 360 days.

Table 2. Composition of blends used for preparation of pastes.

Blend FA Dolomite NaOH NaxO/S  w/s ratio w/s ratio w/s ratio

code (wt.%)  (wt.%) (mol/L) ratio (30s MA) (180 s MA) (400 s MA)

FAOD 100 0 8.3 0.06 0.23 0.25 0.28
FA1D 99 1 8.3 0.06 0.23 0.23 0.25
FA3D 97 3 8.3 0.06 0.24 0.24 0.25
FAS5SD 95 5 8.3 0.06 0.25 0.25 0.25
FA10D 90 10 8.3 0.06 0.25 0.25 0.26

2.4. Characterization Methods

The specific surface area of the powders was measured using the nitrogen
BET method with a Flow-Sorb II 2300 instrument (Micromeritics). Powder X-ray
diffraction (XRD) patterns were recorded on a Shimadzu XRD-6000 instrument

using Cu-Ka radiation. Scanning was carried out with a step of 0.02° (2 theta)

and the dwell time was 1 s. FTIR spectra were recorded with a Nicolet 6700 FTIR
spectrometer using potassium bromide tablets. Geopolymer microstructure and
morphology were studied using a LEO 420 scanning electron microscope (Zeiss)
operated at 10 kV after gold coating on the fractured surface.

3. Results and Discussions
3.1. Effect of Mechanical Activation

The BET specific surface area (SSA) of the initial FA was 2.5+0.1 m?. g'l. MA

of the (FA + dolomite) blends for 30-400 s resulted in continuous increase of the
surface area. With a fixed duration of milling, the dolomite content in the blend
had little effect on the SSA of the blend. The SSA of the (FA + dolomite) blends

milled for 30, 180, and 400 s was 2.9 + 0.1, 5.3+ 0.2, and 6.5 + 0.3 m>-g |, respec-
tively.

3

Figure 2. shows representative XRD patterns of the FA10D mixture milled for 30 s and
180 s. It is clearly seen from comparison of the peak intensities that disorder of the min-
eral lattice and/or decrease of crystallite size induced by milling, for dolomite, were
considerably more pronounced than those for mullite and quartz, which are present in
the FA. Obviously, this is due the difference in hardness of the minerals. The hardness



on the Mohs scale for quartz, mullite, and dolomite is 7, 6.3-7.5, and 3.5-4.0, respec-
tively.
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Figure 2. The XRD patterns of the FA10D mixture mechanically activated for 30 s and
180 s, and of the geopolymer synthesized using the mixture mechanically activated for
180 s after 360 d of curing (GFA10B). Phases marked are: Q—quartz, M—mullite, D —
dolomite, V— vaterite.

3.2. Mechanical Properties

Figure 3 shows the compressive strength of geopolymers measured after 7,
28, 180, and 360 days of curing. As in the case of (FA + calcite) mixtures [9],
blending the FA with dolomite results in an increase of compressive strength
with an increase in the proportion of the added carbonate mineral. The positive
effect of adding dolomite to the FA is more pronounced for the early age of cur-
ing. For example, the GFA10D geopolymer curred for 7 d showed a strength 8.2,
2.3 and 1.4 fold higher than the GFAOD geopolymer for 30, 180 and 400 s milling
time, respectively (Fig. 3). For the same geopolymers cured for 360 d the corre-
sponding strength increased 1.5, 1.2 and 1.1 fold, respectively.

Comparing the addition of calcite or dolomite to the FA, it should be noted
that calcite is more preferable in terms of the strength of geopolymers. For the
blends (FA + calcite) containing 1, 3, 5, and 10 % calcite milled for 180 s the com-
pressive strength of the geopolymers cured for 7 d was 7.4, 11.2, 13.0, and 16.8
MPa, respectively [9]. For the blends (FA + dolomite) the corresponding strength
was 4.8, 4.9, 4.7, and 11.2 MPa, respectively (Fig. 3). With an increase in the cur-
ing time, the difference in the strength of geopolymers prepared using calcite
and dolomite decreases. For the blends (FA + calcite) containing 1, 3, 5, and 10
% calcite milled for 180 s the compressive strength of the geopolymers cured for
28 d was 12.7, 16.6, 19.5, and 22.4 MPa, respectively [9]. For the blends (FA +
dolomite) the corresponding strength was 12.0, 12.5, 13.8, and 18.1 MPa, respec-
tively.

4
In agreement with the SSA of the (FA + dolomite) blends, MA for 180 s
compared to MA for 30 s, leads to a significant increase in compressive strength.
The effect of further MA from 180 to 400 s is either very small positive or even



deleterious (Fig. 3). Although, as can be expected, the finer fly ash should show
a better solubility in NaOH solution to produce a higher amount of geopolymer
gel and, therefore, a higher compressive strength. A similar effect of “over grind-
ing” on the strength was observed for geopolymers prepared using (FA + calcite)
blends [9]. This can be explained by the optimal particle size distribution which
is another key factor affecting the geopolymers strength [10].
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Figure 3. Effect of dolomite content and MA time on the 7, 28, 180, and 360 day com-
pressive strength of geopolymers.

3.3. XRD and FTIR Spectroscopy Analysis

Figure 2 shows the XRD pattern of the GFA10D specimen (milling for 180
s, curing for 360 d). The formation of a binder product, amorphous sodium con-
taining aluminosilicate hydrogel (N-A-S-H gel), is confirmed by the appearance
of a halo in the 20 = 25-35° region.

It should be noted that the main dolomite reflection, at about 20 = 30.8° in
the XRD pattern of the GFA10D, slightly decreased in intensity compared to that
of the FA10D mixture (Fig. 2). Along with this, the XRD pattern of the GFA10D
shows small peak which can be attributed to a newly formed phase — vaterite, a
calcium carbonate polymorph. The formation of vaterite was revealed also in
geopolymers prepared using mechanically activated mixture containing 90 %
FA and 10 % calcite [9]. This transformation can proceed through recrystalliza-
tion in sodium hydroxide solution according to the Ostwald step rule [11].

FTIR spectra of the blend containing 10% dolomite (FA10D) milled for 400
s, as well as the geopolymers prepared using this blend in 7 and 180 d ages, are

1

presented in Figure 4. The main absorption band at 1089 cm™~ is due to the asym-

metric stretching Si-O-T (T = Si, Al) vibrations. The IR peaks in the 800-600 em !
region are related to the presence of quartz and mullite in the FA. The broad

band in the 3700-3100 cm™ ! region (O-H stretching vibration) in the spectrum
of FA10D is due to the H20 adsorbed by the mixture from air in the course of

MA. Band at 1456 cm ! corresponds to the asymmetric stretching vibrations of
the carbonate group in dolomite.



The main peak associated with the 5i-O-T asymmetric stretching vibrations
in the spectra of GFA10D geopolymer shifted towards a lower wavenumber in
comparison to that of the unreacted blend (Fig. 4). This indicates the formation
of a binder product, N-A-5-H gel, and can be explained by the substitution of

silicon for aluminium in the SiO4 tetrahedra, and a decrease in the degree of
polymerization of the aluminosilicate framework of the FA.
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Figure 4. FTIR spectra of the mixture containing 10% dolomite (FA10D) and the corre-
sponding geopolymer GFA10D cured for 7 and 180 d. Milling of the blend was carried
out for 400 s.

The main peak of dolomite for the GFA10D, at 1456 cm'l, slightly broad-

ened and decreased in intensity in comparison to that for the FA10D (Fig. 4). In
agreement with the XRD data (Fig. 2), this is consistent with the partial transfor-
mation of dolomite to vaterite. In the IR spectrum of vaterite, the main band of

the CO3 group is split (1420 and 1490 cm_l) due to the reduced symmetry of the
carbonate ion in the structure of this mineral [12]. The broadening of the band

in the 1500-1350 cm™ | region in the spectra of GFA10D (Fig. 4) may be related

also to the formation of small amounts of sodium carbonates and hydrocar-
bonates, as a result of the atmospheric carbonation of unreacted sodium hydrox-
ide.

3.4. Microstructural Studies

Figure 5 displays the microstructures of selected geopolymer specimens
prepared using the (FA + dolomite) blends mechanically activated for 30 and 180
s and cured for 360 d. The

GFA10D geopolymers prepared using blend containing 10 % dolomite,
milled for 180 and 30s,
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Figure 5. SEM images of the geopolymers cured for 360 d: GFA10D, 180 s MA (a),
GFA10D, 30 s MA (b) and GFA1D, 30 s MA (c).

The GFA1D geopolymer based on the (99 % FA + 1 % dolomite) blend
milled for 30 s, which is characterized by compressive strength of 10.8 MPa (Fig.
3), contains a noticeable amount of unreacted FA spherical particles and has a
more porous structure (Fig. 5 ¢) compared to the structure of the GFA10D geo-
polymers (Fig. 5 a and Fig. 5 b).

4. Conclusions

The room temperature curing geopolymers were synthesized using the me-
chanically activated blends of FA and natural dolomite. The dolomite content in
the blends was 0, 1, 3, 5, and 10 wt.%. NaOH solution was used as alkaline agent.

Milling of the blends in a planetary mill considerably enhanced their reac-
tivity with respect to the sodium hydroxide solution, as was observed using
FTIR spectroscopy and SEM. Blending of the FA with dolomite improved the
geopolymer strength, especially during the early age of curing. For geopolymers
prepared using the (90% fly ash + 10% dolomite) mixture cured for 7 d, the
strength was 8.2, 2.3 and 1.4 fold higher than that for the geopolymers prepared
using the 100 % FA for 30 s, 180 s and 400 s milling time, respectively.

The main geopolymerization product of the mechanically activated (FA +
dolomite) mixtures was X-ray amorphous sodium containing aluminosilicate
hydrogel. For the geopolymer prepared using the mixture containing 10% dolo-
mite, the partial transformation of dolomite to vaterite was revealed by X-ray
diffraction.

From the point of view of the strength of geopolymers, blending of the FA
with dolomite is less preferable than that with calcite. For the blends (FA + do-
lomite) containing 1, 3, 5, and 10% dolomite milled for 180 s the compressive
strength of the geopolymers cured for 7 d was 4.8, 4.9,4.7, and 11.2 MPa,
respectively. For the blends (FA + calcite) the corresponding strength was
7.4,11.2,13.0, and 16.8 MPa, respectively. With an increase in the curing
time, the difference in the strength of geopolymers prepared using calcite
and dolomite decreases.
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