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Abstract This paper concentrates in the development of prospective energy
efficient and environmentally friendly construction materials through the use of
binders based of natural and industrial aluminosilicates. The low-calcium (type
F) fly ash is widely used as aluminosilicate component of geopolymers (GP) base
on industrial by product materials. Perlite, is an effective material to produce GP
binders. Typical characteristics of aluminosilicates are determined during the
cooling from melt and presented by volume of vitreous phase. The aluminosilicate
is the main component forming geopolymeric substance, therefore, the strength
properties of geopolymer binders depend on the degree of solubility of
aluminosilicate precursors in alkali media. According to IR-spectroscopy, the
vitreous phase in this material is a nanostructured substance formed from silicate
clusters with a different degree of polymerization. Empirical relation between the
compressive strength of geopolymer and SiO, content in the vitreous phase can be
established. Therefore, the complexity of phase and nano-sized heterogeneity of
vitreous components of low-calcium aluminosilicates is a dominant factor
governing the structure formation in geopolymer binders based on natural and
industrial raw materials.

1. Introduction

In addition to hydropower and atomic natural gas and coal power plants remain
the main facilities for energy production.
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The coal is the main resource for electrical energy production and the
consumption of this fuel in different countries is as follows: Australia —77 %;
China — 76 %; Czech Republic — 67 %; Greece — 69 %; Germany — 52 %; USA —
56 %. The leaders of coal fuel consumption are Poland (94 %), South Africa (93
%) and India (78 %) (Fig. 1).

Coal resourse consumption, %

Fig. 1. Global consumption of coal recourses

In Russia about 200 power plants work with coal and coal slates. Annually,
50 million tons of coal combustion products (CCP) formed in Russia and only 10
% of such volume is utilized. The most of the CCP stored in disposal areas. For
example, annual world fly ash production in 2010 was about 800 million tons,
which is 2.5 times less then annual global cement production. As of 2005, Russian
power plants disposal areas contained about 1.3-1.5 billion tons of CCP. At the
same time utilization of fly ash in industrialized countries varies dramatically:
Finland, UK, Germany utilized more then 60 %; Japan, about 50 %; USA, 25 %
[1].

Coal combustion product, low-calcium fly ash (class F) are fine-dispersed
low-calcium aluminosilicate powders. F Fly ash is a traditional industrial raw
material for geopolymer [2-4]. Performance characteristics of geopolymers
depend on some factors such as oxide ratio in aluminosilicates, grain-size
distribution, chemical and mineral composition, content of nanosized component
(X-ray amorphous formations or vitreous phase) pH- value of reaction media,
terms of thermal curing etc.

The basic characteristic of aluminosilicate as the main component in
geopolymer affecting the structural formation and performance properties, is
reactivity, i.e. its solubility in alkaline environment [5, 6]. The content of nano-
sized components, X-ray amorphous formations or vitreous phase, is the most
active component in aluminosilicates. In this work the relationship between SiO,-
polymerization of the vitreous phase in raw aluminosilicate and the reactivity of
geopolymers was demonstrated. SiO,-polymerization of the vitreous phase is
characterized by the polymerization of nano-sized [SiO,]* elements. According to
previous research, this characteristic can be defined by Si/O ratio, determined as
type of binding [SiO] in silicate clusters of vitreous phase where V is the molar
concentration of oxides [7]:
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fo Vsio,
si =
Vite,o T Vieo T Vute,0, + 2Viveo, +Vies0,

Comparative analysis on reactivity of nano-sized components of two different
materials, perlite and fly-ash, which are low-calcium aluminosilicates were carried
out.

2. Materials and Methods

For the experiment, eight types of low-calcium aluminosilicates of different
geographies and genesis were used. Industrial specimens were represented by low-
calcium fly ash materials from South Africa (2 sample), USA (2 sample) and
Russia (3 sample). In addition, perlite specimen from Russia (1 sample) was used.
Chemical composition was determined by XRF analysis using diffractometer ARL
9900 X-ray WorkStation (Thermo Scientific) (Table 1).

The low-calcium aluminosilicates were activated using the alkaline solution.
The product used to prepare the alkaline solution was chemical grade NaOH.
The XRD spectra were obtained with diffractometer ARL X’tra and ARL 9900 X-
ray WorkStation by using Cu Ay, and Co A, , radiation, respectively. The full-
profile XRD quantitative analysis was performed by using a Rietveld algorithm.
The Derivative Difference Minimization algorithm (DDM) software was used to
account for vitreous phase and to avoid the background effects.

3. Results and Discussion

Table 1. Chemical composition of aluminosilicates

Chemical composition, %

g |2 |2 |o|Q|o
E|l&|s |2 |S|s|lxx|a|s5|z |3

SiO,
Al,04
i0,

SAl 5341 [3455 |1.64 |3.17 0.05 1.05 423 [010 |058 046 004 (001 [0.03 [0.05 [0.76

SA2 53.44 (3021 |1.74 |2.92 0.03 1.85 6.38 [0.39 |0.85 093 002 (001 [0.03 [0.04 [1.01

uUsi 46.89 12292 [1.07 [19.23 |0.04 0.80 376 [0.64 |168 033 003 001 [0.00 [0.07 |13

uUs2 47.83 287 1.07 |16.16 |0.02 1.04 336 [087 [165 |048 |002 [001 ]0.05 0.03 |1.9

RU1 5943 [30.39 |1.10 |4.75 0.09 0.55 138 (064 |0.64 [054 (000 [000 |0.03 |0.05 |519

RU2 58.98 [28.29 |0.97 |4.63 0.08 1.00 374 1063 [065 [036 [0.00 |0.00 |0.02 |0.00 |6.07

RU3 60.20 [30.92 |1.17 |3.35 0.066 |0.577 |1.28 [0.52 |0.75 |0.48 |0.00 |0.00 [0.00 [0.02 |1.85

Perlite |71.52 |15.99 |0.16 |167 0.10 0.00 085 |426 [458 |000 |0.11 [0.04 ]0.00 J0.00 |73

Tables 2 and 3, report on the mineral composition of aluminosilicates. For perlite, based on
the calculated model of mineral composition demonstrated that the content of X-ray-
amorphous crystallites is up to 100 %, which is the highest content of nano-sized
component among studied aluminosilicates.
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Table 2. Mineral composition of low-calcium aluminosilicates

Composition, %
SAl SA2 US1 us2 RU1 RU2 RU3 Perlite

Quartz 4.7 49 6.4 8.3 9.3 10.7 6.3 -
Mullite 23.8 22.2 135 15 18.7 23.5 25.6 -
Magnetite 7.2 1.9 1.0 1.8 -
Hematite 4.5 11.8 -
Anorthite 43 -
Albite 3.9

Amorphous 71.5 72.9 68.4 64.6 70.1 60.5 62.6 100

Table 3. The mineral composition of perlite
Phase content (wt, %) Size of crystallite, nm

tridymite critoballite tridymite cristoballite
3 97 1,6 1

3.1. Calculation of polymerization of SiO;

To calculate the polymerization of SiO, in vitreous phase based on oxide
concentrations (Table 1) to molar concentration all the crystal phases (Table 2)
were deducted. The results are reported in Table 4.

Table 4. SiO,-polymerization of vitreous phase

Parameter SAl SA2 US1 | US2 RU1 RU2 RU3
Si/O 0.255 0.278 0.323 10.274 0.321 0.332 0.395
SiO,-polymerization type Q! Q! Q2 Q! Q2 Q2 QX

According to previous research [7] and the crystal-chemical theory of [SiO]-component in
silicates, range of Si/0=0,25...0,286 is a characteristic for Si-O-tetrahedra with
polymerization degree of Q' (SAl1, SA2); at Si/0=0,286...0,333 the Q2 structural
conformations are formed (US1, US2, RU1, RU2); Si/0=0,333...0,4 corresponds to QZ'3
(RU3) and Si/0=0,4...0,5 results in a formation of Q**.

3.2. FTIR of low-calcium aluminosilicates

The presence of certain SiO, polymorphs in aluminosilicates is characterized by the bond
length in [Si-O-R], clusters. The formation of discrete anionic units from the framework to
isolated islands (like orthosilicate) was observed, depending on alkaline oxides in vitreous
phase of aluminosilicate system. SiO,-polymerization can be recognized using FTIR-
analysis. Based on existing research [8, 9], the vitreous phase in fly ash can be classified
according to the degree of polymerization of Si-O- tetrahedra (n is the number of Si-O-Si
bonds per a SiO, tetrahedra — Q"). The vitreous phase of fly ash SA1 and SA2 corresponds
to ortho- diorthsilicate glass with polymerization degree of Q%!. The amorphous phase
polymerization in US1, US2, RU1 and RU2 consists of diortho-chain silicate glass Q' ash
RU3 is characterized by chain-band glass with Q*®. According to the FTIR-spectroscopy
data, fly ash SAL and SA2 have absorption bonds with wavenumber at 885-920 cm™
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associated with Si-O-Si bonds of ortho- and diorthogroups silicates Qo'l; US1, US2, RU1
and RU2 have the absorption bonds at 980-1000 cm™ typical for Si-O-Si bonds of diortho-
chain silicate Q% for RU3 reflections started to manifest at 1000-1050 cm™, which are
associated with Si-O-Si bonds characteristics for chain-band glass at Q*2.

To identify the influence of SiO,-polymerization of low-calcium alumosilicates on strength
properties of geopolymer binders, the compressive strength of eight series of geopolymer
cube specimens with a size of 20 mm was tested. The composition of each binder was
designed to provide a molar ratio of Na,O to Al,O3 (Na/Al) of 0.75 for compositions #1-4,
6, 7; the ratio of 0.5 was used for composition #5; and 2 was utilized for composition #8
(Table 5).

There is no significant relationship between the strength of geopolymer binder and
chemical and mineral compositions of aluminosilicates (Table 5). Lowest strength
properties were typical to perlite-based binders.

Table 5. Composition and properties of geopolymer binders

Type of Content of components, % . Compression
5 aluminosilicate Aluminosilicate a’(\:lg\(/):o_r Water EACHAO, EiTD str’\(;r;gath,
1 RU1 63.3 13.7 12.4 0.75 45.2
2 RU2 66.5 10.1 17.2 0.75 34.1
3 RU3 65.7 115 22.8 0.75 19.7
4 Us1 68.8 12.6 18.5 0.75 50.3
5 uUs2 71.3 8 20.7 0.5 46.4
6 SAl 73.8 8 28.7 0.75 50.1
7 SA2 72.7 10.5 23 0.75 80.1
8 Perlite 78.4 9.9 10.3 2 18.4

Figure 2 shows the relationship of 28-day compressive strength of geopolymer
binders vs. SiO, polymerization degree.

The observed trend can be described with the
equation y = 45.863 + 27709 -10° -exp™'****9 which has a correlation coefficient.

This correlation can be used for a forecast
of strength for geopolymers based on raw
materials with minimal theoretical value
(e.g., for orthosilicate SiO,“=0.25) and
maximal compressive strength for binders
base on fly-ash. According to XRD-analysis
of hardened geopolymers, the appearance of
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Fig. 2. The compressive strength (R) of
geopolymer binder vs. polymerization
degree of vitreous phase

nano-sized formations like vitreous phase as
well as zeolite phases (sodalite, cancrinite,
zeolite of X-type) during the solid-phase
evolution of amorphous aluminosilicate
substance was observed (Table 6).
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Table 6. Mineral composition of geopolymers

Type of nanosized S, 6 Content of phase in geopolymer system, %
component ! 1 2 & 4 5 6 7 8
Sodalite 5 — 0.1 10.2 2.1 1.8 1.3 —
Cancrinite - 1.6 - - - - 0.3 -
Zeolite of X-Type — — — — — — — 18
Vitreous phase — 70.7 | 70.5 — 78.9 77.6 776 | ND

*=ND s not defined

Conclusion

The degree of cluster connectivity of SiO, is unimportant characteristic of low-
calcium aluminosilicates affecting the structure formation as well as the strength
properties of geopolymer binders.

Comparative analysis of geopolymers with two types of nano-sized components
found in low-calcium aluminosilicates proves higher reactivity and strength of
components with vitreous phase vs. nano-sized crystal phase.

Acknowledgements

The research work was accomplished under the financial support from Ministry of
Education and Science of Russian Federation and utilized the equipment based of
the High-Technology Center of BSTU named after V.G. Shoukhov.

References

1. Entin Z. B., Nefedova L.S., Strzhalkovslaya N.V. Ash of power stations - raw
materials for cement and concrete production. (2012) 2: 40-46.

2. Criado M., Fernandez-Jimenez A., de la Torre AG., Aranda MAG., Palomo A.
An XRD study of the effect of the SiO,/Na,O ratio on the alkali activation of fly
ash. J. Cement and Concrete Research. (2007) 37: 671-679.

3. Criado M, Fernandez-Jiménez A, Palomo A. Alkali activation of fly ash: Effect
of the SiO,/Na,O ratio. Part I: FTIR study. J. Microporous and Mesoporous
Materials. (2007) 106: 180-191.

4. Shekhovtsova J, Kearsley PE Using South African fly ashes as a component of
alkali-activated binder. UKIERI Concrete Congress-Innovations in Concrete
Construction. (2013): 789-798.

5. Ferndndez-Jiménez A., de la Torre AG, Palomo A, Ldpez-Olmo G, Alonso
MM, Aranda MAG Quantitative determination of phases in the alkaline activation
of fly ash. Part I: Potential ash reactivity. Fuel (2006) 85:1960-1969.




Nanotechnology in Construction, 2015
N. Kozhukhova et al.

6. Skvara F, Jilek T, Kopecky L Geopolymer materials based on fly ash. Ceramics
— Silikaty. (2005) 49 (3): 195-204.

7. Glukhovsky V D, Krivenko PV, Starchuk VN, Pashkov IA and Chirkova VV
Slag Alkaline Concretes Made with Fine Aggregates. (1981) Kiev. 224 pp.

8. Bockris J, Tomlinson IW, White IL Trans Farady Soc., 1956. 52 pp.

9. Appen AA Chemistry of glass. (1974) Leningrad. 352 pp.



