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Abstract: Improving the efficiency and quality of construction mainly depends on the cost of building
materials, which is about 55–65% of total capital-construction costs. The study aimed to obtain
geopolymer fine-grained concrete with improved quality characteristics that meet the construction
field’s sustainable development criteria and that have environmental friendliness, economic efficiency,
and advantages over competing analogues. The dependences of strength characteristics on various
compositions of geopolymer concrete were obtained. It was found that the most effective activator
is a composition of NaOH and Na2SiO3 with a ratio of 1:2. The increase in the indicators of the
obtained geopolymer concrete from the developed composition (4A) in relation to the base control
(1X) was 17% in terms of compressive strength and 24% in tensile strength in bending. Polynomial
equations were obtained showing the dependence of the change in the strength characteristics of
geopolymer concrete on the individual influence of each of the activators. A significant effect of
the composition of the alkaline activator on the strength characteristics of geopolymer fine-grained
concrete was noted. The optimal temperature range of heat treatment of geopolymer concrete
samples, contributing to the positive kinetics of compressive strength gain at the age of 28 days,
was determined. The main technological and recipe parameters for obtaining geopolymers with the
desired properties, which meet the ecology requirements and are efficient from the point of view of
economics, were determined.

Keywords: geopolymer concrete; compressive strength; tensile strength; optimal composition;
temperature treatment; sodium silicate; sodium hydroxide

1. Introduction
1.1. The Relevance of Research

Composite binders are essential in providing the construction industry with materials
and a raw-materials base and indicate its development. The scale of capital construction
sets the primary growth rates in the production of composite binders, on which its efficiency
and the technical level of the final construction products directly depend [1–3].

The use of high-performance multicomponent binders of a new generation is the basis
for the creation of high-quality concrete for various purposes with an optimal structure
and predetermined improved properties, and in some cases, fundamentally new ones.
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The current construction industry makes high-quality requirements for binders. Si-
multaneously with the improvement in production technology, the range of produced
binders is also expanding. However, improving the efficiency and quality of construction
mainly depends on building materials, which are about 55–65% of total capital-construction
costs.

At the same time, the consumption of natural mineral and energy resources in the
world is increasing every year due to the increasing rates and volumes of production.
Therefore, the world community was forced to develop a course of “sustainable devel-
opment,” the benchmark for which was resource and energy conservation, and which
increased safety in the field of ecology, which led to a rethinking of the further strategy for
the development of energy and material-intensive industries, including cement production.
Emissions of dust particles and gases have a significant impact on the environment in the
production of cement binder. The main causes of emissions are kilns, clinker coolers, and
cement mills.

1.2. Literature Review on the Research Topic

The investigation and development of materials based on alkali-activated binders
using natural and artificial sources of aluminosilicates, the geopolymer binders, have
been studied by many world scientific schools, including in Russia, Ukraine, Iran, the
Czech Republic, Germany, France, Poland, Australia, Spain, the USA, and China. The
processes of structure formation of geopolymers are described in detail in [4–12].

Researchers have paid much attention to the optimization of geopolymer binders
and concrete compositions [13–15], the study of the physical and mechanical properties of
concrete [16–20] and structures based on them [21], as well as various uses of the technology
of geopolymer binders to obtain new materials [22]. At the same time, the authors touch
upon topical environmental issues in the production of geopolymer concrete [23,24] and
the problems of predicting the mechanical characteristics of finished materials, products,
and structures using artificial-intelligence technology [25].

Liang Chen et al. [26] carried out studies to investigate the properties of geopolymers
based on metakaolin. Based on the results of the experimental data, the authors developed
the optimal geopolymer composition with the following weight ratios of the components:
41.6%—metakaolin, 6.7%—sodium hydroxide, 45.0%—sodium silicate, and 6.7%—water.
It was also found that the best curing condition for this geopolymer composition is a heat
treatment at 60 ◦C for 168 h. Under these conditions, an alkali-activated metakaolin-based
geopolymer showed the highest compressive strength at 52.26 MPa [26].

Hamed Fazli et al. [27] studied the effect of the size of the coarse aggregate on the
mechanical properties of geopolymer concrete based on metakaolin and conventional
concrete. It was found that a change in the pore structure depending on the size of the
coarse aggregate significantly affects the development of the strength of the test samples.
Furthermore, an increase in the size of the coarse aggregate leads to a higher shrinkage of
geopolymer concrete and, therefore, to a larger number of macropores. Consequently, the
effect of macropores is significant [27].

Khadim Hussain et al. [28] carried out a study of the influence of quarry stone dust
as a binder on the properties of fly ash and geopolymer concrete based on slag under the
influence of the environment and elevated temperatures. Geopolymer samples showed
the maximum strength characteristics of concrete with the following binder composition:
50% hall dust, 35% slag, and 15% quarry dust. Geopolymer concrete made with the binder
of this composition can provide a compressive strength of 33.5 MPa, a breaking strength at
the separation of 2.12 MPa, and flexural strength of 3.62 MPa. The authors summarize that
the resulting optimal mixture can be used for monolithic work under natural hardening
conditions [28].

An experimental study on the production of an optimized geopolymer material
was presented by Alberto Longos, Jr. et al. [29], and it gives the highest compressive
strength from a mixture of nickel laterite mine waste (NMW), coal fly ash (CFA), and an
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alkaline activator with sodium-hydroxide (SH) and silicate-sodium (SS) components. The
authors have selected the optimal prescription geopolymer mixture with an average 28-day
compressive strength of 36.3 MPa, which is comparable to conventional Portland cement
for concrete structures [29].

Parametric studies were carried out by A.V. Lazarescu et al. [30] to develop geopoly-
mer concrete based on alkali-activated fly ash using local Romanian raw materials. A
significant influence was noted, and the importance of the ratio of sodium-silicate solution
to sodium-hydroxide solution (Na2SiO3/NaOH) was noted not only in the process of
geopolymerization but also on the mechanical properties of geopolymer concrete based
on alkali-activated fly ash. The solubility of fly ash increased with an increase in the
concentration of NaOH solution, which led to the formation of a denser material with
higher compressive strength of the samples [30].

Rajab Abousnina et al. [31] studied the effect of short fibers on the mechanical proper-
ties of a geopolymer solution containing oil-contaminated sand. According to the results
of the studies, the authors proved that the introduction of short polypropylene fibers
contributes to a significant improvement in the compressive strength of the geopolymer
solution. Straight polypropylene fibers improved tensile strength by 74% over non-fibrous
samples. Furthermore, it has been established in the work that all types of fibers enhance
the plasticity of the solution by increasing its displacement under braking loads. This is due
to the geopolymer bond, which helps absorb maximum energy during compression [31].

1.3. Principles of Structure Formation in the “SiO2-Al2O3-NaK2O” System

Nowadays, the mechanisms of phase formation, as well as the peculiarities of the inter-
action of structural elements in the “SiO2-Al2O3-MeO” system (where “MeO” are oxides of
alkali and alkaline earth elements, such as CaO, Na2O, K2O, etc.) are insufficiently studied
due to the kinetics and nature of the processes of structure formation in the geopolymer
matrix, which largely depends on the aluminosilicate materials and the alkaline-activating
components used. On the other hand, as known, geopolymers are used in a particular case
of alkaline binders. Therefore, the previously formulated general principles of the structure
of the system are also applicable to geopolymers.

The processes of structure formation of alkaline binders in relation to geopolymer
systems were considered in detail by J. Davidovits [5–9]. Scientists proposed a classification
of structural geopolymers depending on the sequence, alternation, and also the chain
length of the elements of structural units consisting of silicon, aluminum, and oxygen in the
volume of the matrix: polysialats, sialat-siloxo, and polysilato-siloxo (disiloxo) (Figure 1).
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According to the scheme (Figure 1), structurally, sialates can be represented in the
form of tetrahedra, the base of which consists of silicon and aluminum atoms, forming
bonds with four oxygen atoms.

These elements are capable of forming multidimensional (two- and three-dimensional)
structures, which are branched strong chains –Si–O–Al–O–, due to which the strength
properties of geopolymers may not be inferior to rocks [12].

According to J. Davidovits, the formation of geopolymers proceeds in three stages [9]:

- The first stage includes the dissolution of silicon and aluminum oxides in an alkaline
medium—a concentrated solution of alkalis NaOH or KOH;

- During the second stage, the polymer structures are split into monomers;
- The third stage is characterized by the setting and compaction of the geopolymer ma-

trix as a result of the binding of Si–O and Al–O monomers into polymer frameworks.

The formation of inorganic polymers occurs as a result of polycondensation of or-
thosilicate ions as a result of a chemical reaction between aluminosilicate raw materials
and an alkaline component in an aqueous medium.

According to the hypothesis of J. Davidovits, during the course of polycondensation
processes in an alkali-activated system, oligomers are formed, which subsequently play
the role of structural units in the formation of a geopolymer framework (Figure 2).
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Figure 2. Polymerization reaction.

The duration of the dissolution and polycondensation processes in the geopolymer
system mainly depends on the viscosity of the substance, which affects the mobility of
ions, their degrees of freedom, and the intensity of movement of which determines the
rate of the polymerization processes. Additionally, such systems are characterized by the
simultaneous occurrence of polycondensation and dissolution processes, in which there is
a gradual polymerization of the geopolymer structure.

Despite a fairly detailed description of the mechanism of structure formation pro-
posed by J. Davidovits (Figure 2), attempts to look from a different angle at the processes
occurring inside the alkali-activated aluminosilicate system were undertaken by Span-
ish scientists [4,10]. During their research, they identified two main models of alkaline
activation of aluminosilicates.

The first model is based on the activation of granular blast-furnace slag by strong
(NaOH, KOH, and Na2SiO3) and weak (Ca(OH)2, KCl, and NaCl) alkalis and their salts.
The system received the symbolic designation “Si + Ca” and describes the general case
of structure formation of an alkali-activated binder system of silicate/aluminosilicate
composition, in which the formation of the structure of the final composite occurs during
the interaction of calcium and silicon oxides by the hydration mechanism, which leads to
the formation of calcium hydrosilicates, which are the main structural components in this
system [4,10].
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The second model is based on the activation of metakaolin by strong and medium
alkalis. This model received the conventional designation “Si + Al” and is similar in
the principles of structure formation to the model of geopolymerization by J. Davidovits
(Figure 2). The formation of the structure according to this model occurs as a result of
the interaction of aluminum oxides with silicon oxides in a highly alkaline environment,
followed by polycondensation and the formation of an alkali-aluminosilicate spatial frame-
work [4,10].

1.4. Purpose, Objectives, Scientific Novelty, and Practical Significance of the Research

The purpose of the study was to obtain geopolymer fine-grained concrete that meets
the criteria of sustainable development with improved quality characteristics while having
environmental friendliness and efficiency from the economic feasibility of producing such
concrete and its advantages over competing analogues.

The research tasks included:

- To analyze the scientific and technical literature on the technology of geopolymer
fine-grained concrete, their raw materials, and the manufacturing process;

- Based on the results of the analysis and the literature review, to identify the ratio-
nal direction of research, to determine the initial components, to select the basic
formulations, and to develop a research program;

- To analyze the results to determine the most-rational composition and the parameters
of the technological process;

- To compare the indicators of economic efficiency, to assess the environmental friend-
liness of the developed technology and composition, to note the advantages and
disadvantages, and also to compare the results obtained with the results of other
authors;

- To determine the prospects and to outline the goals of subsequent research in devel-
oping the carried-out studies.

The scientific and practical novelty of the research lies in the continuation of the
scientific theory about environmentally friendly cementless building composites, the de-
velopment of existing theoretical and practical ideas about the structure formation and
properties of geopolymer concrete, experimental confirmation of the scientific hypothesis
put forward by us about obtaining high-quality geopolymer concrete through the choice
of components and rationally selected formulations, and studies of the compatibility of
the applied components and their influence on the mechanical properties of the obtained
hardened composites, obtaining new dependences of strength characteristics on the ratio
of the components of the complex alkaline activator “Na2SiO3 + NaOH.”

The practical significance of the study is:
Firstly, in solving the environmental problem due to the production of geopolymer

concrete with the help of production waste, while the production of geopolymer concrete
itself is more environmentally friendly, due to the fact that the process of its production
requires less production capacity, there is less impact on the environment; emissions into
the atmosphere and the environment are significantly reduced; thereby, the process of
manufacturing such geopolymer concrete contributes to the improvement of the ecological
situation;

Secondly, in the economic efficiency of the obtained geopolymer concrete in compari-
son with the financial cost of production of competitors/analogues, in particular, concrete
with similar characteristics, but made on a traditional cement binder;

Thirdly, in the creation of geopolymer concrete with the highest attributes at the lowest
cost due to the obtained recipe and technology; thus, for industrial partners and consumers
of the proposed technology and the resulting composition, the specified production will
cost significantly fewer resources, while the time costs are also reduced, and the labor
intensity with regards to the manufacture of this geopolymer concrete is also reduced.
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2. Materials and Methods
2.1. Analysis of Raw Materials Used to Obtain Geopolymer Binders

Potentially possible and practically used today, aluminosilicate components for the
synthesis of geopolymers are classified into three categories: technogenic, synthetic, and
natural. The wastes of the metallurgical (blast-furnace slags and steel-making slags) and
fuel (ash and fly ash from TPPs) industries are the most common types of technogenic
aluminosilicate raw materials.

The use of artificial waste and by-products of aluminosilicate composition (blast-
furnace slag, fly ash, etc.) in the production of geopolymer binders can provide an alterna-
tive to Portland cement in terms of environmental and economic efficiency.

However, the limited use of the technogenic variety of aluminosilicates is explained
by the fact that their main properties, structure, mineral, and chemical compositions largely
depend on the composition of the mineral part of the fuel, the mode, and the conditions of
the technological process, as well as the methods of disposal and storage, etc., which cause
significant fluctuations in chemical and mineral composition (Table 1).

Table 1. Variations in the chemical composition of metallurgical slags from different manufacturers.

Slag Chemical Composition, % Loss on Ignition
SiO2 Al2O3 Fe2O3 CaO MgO SO3 MnO

Magnitogorsk (MMK) 37.6 12.55 0.53 38.74 7.91 0.75 0.35 0.93
Cherepovets 37.52 9.5 2.2 34.9 11.25 0.66 0.36 2.51

Chelyabinsk (ChMZ) 38.34 13.24 0.6 38.2 6.92 1.01 0.87 0.86

As a synthetic raw material in the production of geopolymers, metakaolin (Al2Si2O7)
as the main raw material component is of considerable interest. The formation of the
structure of metakaolin occurs as a result of firing kaolinite at a temperature of 550–900 ◦C
for up to 24 h, and the resulting aluminosilicate material is characterized by the constancy
of the chemical composition, morphology, and dispersion of particles, which provide it
with high quality as a raw component.

The use of natural sources of aluminosilicate raw materials has become more
widespread than synthetic analogues due to the wide variety of the raw-material base and
extensive nature reserves. Additionally, it is due to the relative constancy of the chemical
and mineral composition compared to technogenic analogues. Among the most common
aluminosilicates that satisfy the requirements as a raw material for geopolymers in terms
of chemical composition, acidic varieties of silicate rocks, such as granites, zeolites, and
perlites, should be distinguished.

2.2. Materials

When carrying out this work, sodium hydroxide (NaOH) produced by PJSC “Khim-
prom” (Russia, Chuvash Republic, Novocheboksarsk) [32], potassium hydroxide (KOH)
produced by LLC “Soda-chlorat” (Russia, Perm region, Berezniki) [33], and sodium liquid
glass (Na2O(SiO2)n) produced by Kubanzheldormash JSC (Russia, Krasnodar Territory,
Armavir) [34] were used.

The characteristics of alkaline activators used in the work are presented in
Tables 2 and 3.

Table 2. Qualitative characteristics of NaOH.

Title Standard According to GOST R 55064

Sodium hydroxide, wt %, no more 98.5
Sodium carbonate, wt %, no more 0.8
Sodium chloride, wt %, no more 0.05

Density, kg/m3 2020
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Table 3. Qualitative characteristics of sodium water glass.

Title Standard According to GOST R 55064

Silica, wt % 24.8–36.7
Sodium oxide, wt % 8.1–13.3

Silicate module 2.7–3.3
Density, kg/m3 1360–1500

Quartz sand was used as a fine aggregate (Yuzhny GOK, Rostov region, Russia); the
physical characteristics presented in Table 4.

Table 4. Physical characteristics of dense fine aggregate.

Grain Composition Pass through a
Sieve with

Mesh No. 0.16,
wt %

Size
Module

Content of
Dust and

Clay
Particles, %

True
Density,
kg/m3

Bulk
Density
kg/m3

Sieve Hole Sizes, mm
Sieve Residual Private and Total Sieve Residual, %

10 5 2.5 1.25 0.63 0.315 0.16

0 0
0.17 1.39 8.86 45.80 41.03 2.49

1.66 1.1 2650 14380.17 1.56 10.42 56.21 97.25 99.74

Metakaolin produced by OOO RossPolymer (Russia, Moscow Region, Noginsk) was
used as the main component of the geopolymer binder. The chemical composition of
metakaolin and its physical characteristics are presented in Tables 5 and 6.

Table 5. Chemical composition of metakaolin “MetaKaolin 1400.”

Title Value

Aluminum oxide Al2O3, wt % 42
Silicon oxide SiO2, wt % 50
Iron oxide Fe2O3, wt % 0.5

Loss on ignition, % 1
pH in 10% aqueous suspension 5.5

Table 6. Physical characteristics of metakaolin.

Title Value

Sieve residue no. 0063, wt % 0.2
Average particle size (D50), no more, µm 30

Specific surface, m2/g 18
Bulk density, kg/m3 265

The X-ray diffraction of metakaolin is shown in Figure 3.
The mineral composition of metakaolin was represented by completely amorphous

kaolinite (90–93%); the crystalline phase was represented by relict mica (2.5–3.0%) and
quartz (4–5%); and crystalline new formations (mullite and crisstabolite) were practically
absent.

Granulometric analysis of metakaolin is shown in Figure 4.
The granulometry analysis confirms the size range of metakaolin grains declared by

the manufacturer.
The water used for laboratory research was tap water that fully met the require-

ments [35].
At the first stage of the study, the selection of the most-effective composition of the

activator was carried out. The choice of activating agents was justified by their ability to
provide a reaction medium with high alkalinity in an aqueous solution.
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By combining sodium hydroxide (NaOH) with a molarity of 12 M with sodium silicate
(Na2SiO3), the following geopolymer mixtures were developed (Table 7).
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Table 7. Experimental compositions of geopolymers.

Composition Number Metakaolin, g Sand, g Activator, g Hydroxide, g Silicate, g Ratio, NaOH:Na2SiO3

1X 800 1900 1000 500 500 1:1
1A 800 1900 1000 445 555 1:1.25
2A 800 1900 1000 400 600 1:1.5
3A 800 1900 1000 363 637 1:1.75
4A 800 1900 1000 333 667 1:2
5A 800 1900 1000 308 692 1:2.25
6A 800 1900 1000 286 714 1:2.5
7A 800 1900 1000 267 733 1:2.75
8A 800 1900 1000 250 750 1:3

2.3. Methods

For each experimental composition, 3 sample beams (4 × 4 × 16 cm) were made.
The evaluation of the effect of the activator composition was based on experimental

data obtained from the results of testing beams for strength in compression and tensile
bending.

The production of geopolymer samples was carried out in accordance with the re-
quirements of GOST 30744 “Cements. Methods of testing with using polyfraction standard
sand” [36].

Tensile bending tests were performed using the same load model as described in
GOST 30744.

The molded binder compositions were heat treated at a temperature of 65 ◦C for 24 h,
after which the strength of the samples continued under natural conditions until the age of
28 days.

The flexural strength Rbtb, MPa, of a separate sample-beam was calculated by the
formula

Rbtb =
1.5Fl

b3

where F is the breaking load, N;
b is the size of the side of the square section of the sample-beam, mm;
l is the distance between the axes of the supports, mm.
The bending strength was taken as the arithmetic mean of the test results of three

samples. The calculation result was rounded to the nearest 0.1 MPa.
The compressive strength Rb, MPa, of an individual half of the sample-beam was

calculated by the formula

Rb =
F
S

where F is the breaking load, N;
S—the area of the working surface of the pressure plate, mm2.
The compressive strength was taken as the arithmetic mean of the test results of six

halves of the beams. The calculation result was rounded to 0.1 MPa.
The study also applied:

- Technological equipment—laboratory concrete mixer BL-10 (LLC “ZZBO,” Russia,
Chelyabinsk region, Zlatoust); drying cabinet SPU ShS-160-02 (JSC “Smolenskoye
SKTB SPU,” Russia, Smolensk); laboratory vibrating platform SMZh-539-220A (LLC
“IMASH,” Armavir, Russia);

- Testing equipment—hydraulic press IP-1000 (NPK TEKHMASH LLC, Neftekamsk,
Republic of Bashkortostan, Russia);

- Measuring instruments—measuring metal ruler 500 mm; laboratory scales [37–40].

The study of the microstructure of geopolymer concrete was carried out using a two-
beam scanning electron/ion microscope ZEISS CrossBeam 340 (Carl Zeiss Microscopy
GmbH (Factory), Jena Germany).
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For X-ray diffractometric analysis of metakaolin, a general-purpose X-ray diffractome-
ter DRON-7 (“Burevestnik,” St. Petersburg, Russia) was used.

The ready-made and in-the-process-of-manufacturing samples-beams of geopolymer
fine-grained concrete obtained in the laboratory are shown in Figures 5 and 6, respectively.
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Figure 6. The process of making samples-beams of geopolymer fine-grained concrete.

3. Results
3.1. General Results

After the tests were carried out, all the obtained values were analyzed. Flexural tensile
tests were carried out first, followed by compression tests of half specimens. A total of
27 beams were tested in flexural tensile tests and 54 halves in compression tests. All these
tests were carried out after 28 days of hardening.

Figures 7 and 8 show the values of the compressive strength and the flexural tensile
strength, respectively, for all the compositions.
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As can be seen, the highest compressive strength of 38.1 MPa was observed for a
mixture of composition 4A, where the ratio of NaOH and Na2SiO3 was 1:2. As for the
mechanical characteristics of compositions 1A, 2A, and 3A, their values differed slightly
from composition 4A, and this difference did not exceed 10%. Control composition 1X
and composition 5A had the same compressive strength, which was equal to 32.5 MPa.
Analyzing the behavior of the compressive strength for compositions 5A, 6A, 7A, and 8A,
it a rather sharp drop in strength could be observed, starting with composition 6A. So, in
comparison with the maximum value of the compressive strength for composition 4A for
6A, this indicator decreased by 45%. For compositions 7A and 8A, it decreased by 55%.
This tendency towards a decrease in strength with an increase in the proportion of sodium
silicate in the total mass of the activating component can be explained because sodium
silicate has a low activating ability. Some of the substances introduced into the composition
do not react with metakaolin, and, as a result, the strength characteristics decrease.

From Figure 8 it follows that the maximum value of the tensile strength in bending
was observed, in the same way as for the compressive strength of the composition 4A,
and it was 4.7 MPa. As for the values of tensile strength in bending for compositions
1A, 2A, and 3A, they differed insignificantly and varied from 4.1 MPa to 4.3 MPa. For
control composition 1X and composition 5A, the values of tensile strength in bending were
approximately the same and equal to 3.8 MPa. In general, the pattern of changes in tensile
strength in bending was the same as for compressive strength. Compositions 6A, 7A, and
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8A exhibited the same sharp drop in strength, and, in comparison with the maximum
strength recorded for composition 4A, the tensile strength in bending decreased by more
than two times.

In general, during testing, the standard deviation for all compositions did not exceed
3.1 MPa, which can be considered a good value.

One of the objectives of this study was to find the most effective composition of the
activator, but the results give a definite conclusion about this. However, it seems that
composition 4A, where the ratio of NaOH to Na2SiO3 was (1:2), is a good solution, and
compositions 1A, 2A, and 3A are equally acceptable from a practical point of view.

It is known that sodium hydroxide is responsible for the destruction of the internal
bonds of the binder at the beginning of the process, and then sodium silicate activates
the necessary bonds between the binder and aggregates [7,20]. Therefore, for a certain
amount of metakaolin, an optimal balance between the amounts of these components can
be expected. In order to find this optimal balance, each of the activators was separated,
and polynomial equations of the sixth degree were obtained, showing the dependence
of the change in the strength characteristics of geopolymer concrete on the individual
influence of each of the activators. Equations (1) and (2) describe the dependence of the
change in compressive strength, and Equations (3) and (4) describe the tensile strength
in bending on the content of Na2SiO3 (in equation variable x) and NaOH (variable y),
respectively. Additionally, graphical interpretations of these polynomial equations were
constructed for the individual influence of each of the activators on the compressive and
the flexural strength. The values of the determination coefficients given in Equations
(1)–(4) showed a good relationship between the regression curve and the data points of the
strength characteristics of geopolymer mixtures.

Rb(x) = (1E − 11)x6 − (4E − 8)x5 + (7E − 5)x4 − 0.0528x3 + 23.835x2 − 5715x + 568726 ;(
R2 = 0.9788

) (1)

Rb(y) = (1E − 11)y6 − (3E − 8)y5 + (3E − 5)y4 − 0.0136y3 + 3.8449y2 − 571.54y + 34873 ;(
R2 = 0.9788

) (2)

Rbtb(x) = (2E − 12)x6 − (6E − 9)x5 + (8E − 6)x4 − 0.0067x3 + 3.0227x2 − 722.97x + 71758 ;(
R2 = 0.9731

) (3)

Rbtb(y) = (1E − 12)y6 − (3E − 9)y5 + (3E − 6)y4 − 0.0015y3 + 0.4302y2 − 64.698y + 3990 ;(
R2 = 0.9673

) (4)

Figures 9–12 show the change in ultimate strength in compression and bending
depending on the amount of NaOH and Na2SiO3, respectively.
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Figures 9 and 10 show the correlation between the content of sodium silicate and the
strength characteristics of geopolymer mixtures, and Figures 11 and 12 show a similar
correlation only for sodium hydroxide.
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Analysis of the graphical dependencies presented in Figures 9–12 revealed:

- When the content of Na2SiO3 changed from 500 to 637 g, the value of the compressive
strength of geopolymer fine-grained concrete changed insignificantly; the peak value
of this indicator corresponded to the content of sodium silicate, equal to 667 g; then,
a sharp drop in the dependence curve was observed, which indicated a decrease in
the strength of concrete, starting from 690 and up to 750 g. It is logical to assume
that a further increase in the sodium silicate content will lead to even-greater drops
in strength. A similar picture was observed for the nature of the change in tensile
strength in bending.

- When the NaOH content changes from 250 to 283 g, the minimum values of the
compressive strength and the tensile strength in bending were observed. The maxi-
mum values of these strength characteristics were recorded with a sodium-hydroxide
content of 333 g. A change in the NaOH content from 363 to 500 g, both in the case
of the compressive strength and the tensile strength in bending, did not lead to a
significant change in the strengths; the dependence curve had an almost horizontal
character.

To identify the features of the structure-forming processes in the geopolymer binder
system, an analysis of the microstructure of concrete composites based on them was carried
out.

According to the data of microstructural studies (Figure 13), the structure of the
geopolymer composite samples is characterized by the presence of an amorphous
substance—an aluminosilicate component dissolved in alkali, which confirms the course
of geopolymerization processes and the formation of a strong structure.
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The microstructural features of the composition of the type-4A geopolymer composite
using a combination of NaOH and Na2SiO3 as an alkaline component in a ratio (1:2)
showed the presence of separate areas of a dense monolithic structure (Figure 13).

In addition, in the structure of the binding matrix, there are rounded particles of
incompletely reacted pearlite with an almost indistinguishable contact zone at the interface
between the phases “newly formed phase—metakaolin grain,” which speaks of two facts:

- An unfinished polymerization process—dissolution of the aluminosilicate component
with the subsequent formation of an aluminosilicate gel;

- The presence of high adhesion between the newly formed phases and unreacted
particles of the aluminosilicate component.
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3.2. Influence of Heat-Treatment Parameters on the Strength Properties of Geopolymer Concrete

It is generally accepted that the application of heat treatment (HT) to various types of
binders and composites can intensify the hardening processes and provide higher strength
characteristics of the finished product in a shorter time compared to hardening in natural
conditions. So, the use of HT for a geopolymer binder when using the optimal mode also
contributes to the intensification of structure-forming processes and, consequently, a set of
strength indicators of the final composite.

To determine the influence of HT parameters on the kinetics of the strength gain of
geopolymers, five series of samples-beams of geopolymer binder composition 4A were
made (Figure 14).
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The change in the ultimate strength in compression of samples of geopolymer fine-
grained concrete, depending on the parameters of heat treatment, is shown in Figure 15.
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The duration of heat treatment of the test samples was 24 h.
Based on the data obtained and [5,7,11,12], it should be noted that the processing

temperature has a significant effect on the investigated compositions of geopolymer binders.
Figure 15 shows that an increase in temperature in the range from 25 ◦C to 65 ◦C provides
a strength gain at the age of 28 days up to 110% and in the range from 65 ◦C to 70 ◦C
up to 130% compared to a heat-treatment temperature of 25 ◦C. The lowest values of the
compressive strength were recorded for the samples of geopolymer fine-grained concrete
treated at a temperature of 25 ◦C. A further increase in temperature to 75–80 ◦C and
to 85 ◦C [5,7,11] leads to a decrease in strength characteristics, which is caused by the
occurrence of micro- and macro-destructive processes, which are especially clearly observed
in the samples of geopolymer concrete after HT at 80 ◦C in the form of cracks. A visual
assessment of these compositions demonstrates the formation of structural deformations
(cracks and chips) in the studied samples of geopolymer fine-grained concrete (Figure 16).

Sustainability 2021, 13, x FOR PEER REVIEW 17 of 22 
 

 
Figure 15. Compressive strength of geopolymer fine-grained concrete specimens depending on 
heat-treatment temperature: [5,7,11,12]—data obtained by other researchers according to references. 

Based on the data obtained and [5,7,11,12], it should be noted that the processing 
temperature has a significant effect on the investigated compositions of geopolymer bind-
ers. Figure 15 shows that an increase in temperature in the range from 25 °C to 65 °C 
provides a strength gain at the age of 28 days up to 110% and in the range from 65 °C to 
70 °C up to 130% compared to a heat-treatment temperature of 25 °C. The lowest values 
of the compressive strength were recorded for the samples of geopolymer fine-grained 
concrete treated at a temperature of 25 °C. A further increase in temperature to 75–80 °C 
and to 85 °C [5,7,11] leads to a decrease in strength characteristics, which is caused by the 
occurrence of micro- and macro-destructive processes, which are especially clearly ob-
served in the samples of geopolymer concrete after HT at 80 °C in the form of cracks. A 
visual assessment of these compositions demonstrates the formation of structural defor-
mations (cracks and chips) in the studied samples of geopolymer fine-grained concrete 
(Figure 16). 

 
Figure 16. Sample of geopolymer fine-grained concrete after heat treatment at 80 °C. 

Thus, the optimal temperature range of heat treatment of geopolymer concrete sam-
ples with a duration of 24 h was determined, which contributes to the acquisition of the 

[12]

[12]

[5, 7, 11]

0

10

20

30

40

50

25 45 60 65 70 75 80 85

Rb, MPa

t, °C

Figure 16. Sample of geopolymer fine-grained concrete after heat treatment at 80 ◦C.

Thus, the optimal temperature range of heat treatment of geopolymer concrete samples
with a duration of 24 h was determined, which contributes to the acquisition of the highest
compressive strength at the age of 28 days. In addition, points based on the data [5,7,11,12]
were added to the graphical dependence, as a result of which the similarity of the data
obtained in the presented study with the results of other authors were found.

4. Discussion

After reviewing and analyzing the literature [4–31], the task was to compare the
theoretical concepts of the formation of the structure of geopolymer concrete with the ideas
of other authors and researchers. In particular, the mechanism of structure formation that
described the chemical essence of the process was reflected and revealed, as well as its
physical mechanism.

In addition, after conducting experimental studies, a comparative analysis was carried
out between various types of components and raw materials for obtaining geopolymer
concrete in this study and in studies previously conducted by other scientists. In particular,
the ratios of sodium hydroxide and sodium silicate in the composition of the resulting
geopolymer concrete were most interested.

The role of the combined alkaline activator on the strength characteristics of geopoly-
mer fine-grained concrete was revealed, rational dosages of the components of geopolymer
concrete were given, recommended compositions were given, and technological parameters
were determined.

Previously, the studies carried out in [4–31] did not consider the parameters related
to the ratio of sodium hydroxide and sodium silicate in the composition of the result-



Sustainability 2021, 13, 13607 17 of 20

ing geopolymer concrete. In addition, for the first time, we gave recommendations on
specifically applied materials, which were selected based not only on their qualitative
characteristics but also on their criterion of environmental friendliness and economic
efficiency.

Below is a comparative assessment of the effectiveness of resource-saving technologies
in the direction of obtaining geopolymer concrete.

The largest share of energy consumption in the production of geopolymers falls on
the production of a hardening activator, which includes sodium or potassium metasilicate
(soluble glass). This component of the binder is obtained at specialized enterprises in
the process of high-temperature cooking. The production of metasilicate is not directly
included in the technology for the production of geopolymer binder, but due to the fact
that this process is energy intensive, the energy consumption for the production of alkali
metal metasilicates is taken into account in the calculations. Replacing Portland cement
with geopolymer binders allows obtaining a resource-saving effect by replacing carbonate
raw materials, which, during firing, lose almost half of their mass due to the release of
carbon dioxide (Figure 17a). The technology for producing geopolymer materials belongs
to “green technologies” [23,24]. In the production of geopolymer binders, carbon dioxide
emissions into the atmosphere are three to four times lower than in the production of
Portland cement (Figure 17b) [11].
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For visualization of the analysis of the proposed technology, Figure 18 shows a cause-
and-effect diagram of the problem of obtaining environmentally friendly and cost-effective
geopolymer fine-grained concrete.

Thus, the most important and significant factors influencing the formation of the
quality of geopolymer concrete were grouped and analyzed.

Branch 1 (Figure 18) of the upper part of the diagram reflects the characteristics of raw
materials that affect the quality of geopolymer concrete as a final product. On branch 2
(Figure 18) of the upper part of the diagram, recipe parameters are shown, which also
significantly affect the values of the final physical and mechanical characteristics of the
geopolymer composite.

On branch 3 of the lower part of the diagram in its right part (3.1 and 3.2), the
characteristics of the geopolymer mixture and raw materials that are mandatory for quality
control are reflected. As for the right side (3.3) of branch 3, it presents the most-important
physical and mechanical characteristics of geopolymer concrete, on the actual values of
which in the future the field of application and the environment of operation of this concrete
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will depend. On branch 4 of the diagram, technological factors are presented, which, like
those previously listed, are no less important, and the actual physical and mechanical
characteristics of geopolymer concrete will directly depend on them.
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5. Conclusions

The change in mechanical properties depending on the composition of geopolymer
fine-grained concrete was estimated. Various activator compositions were tested to draw
conclusions in terms of mechanical properties and the use of these materials in structural
elements and ultimately in the construction industry.

It was found that for this type of aluminosilicate component, the most effective
activator is a composition of NaOH and Na2SiO3 with a ratio of 1:2, which is probably due
to the good size-atomic compatibility of the alkali-aluminosilicate system, as well as the
optimal combination of the sequence and the intensity of chemical processes.

The main technological and recipe parameters for obtaining geopolymers with desired
properties, which meet the requirements of ecology and are efficient from the point of view
of economics, were determined. A significant effect of the composition of the alkaline acti-
vator on the strength characteristics of geopolymer fine-grained concrete was established.
The increase in the indicators of the obtained geopolymer concrete from the developed
composition (4A) in relation to the base control (1X) was 17% in terms of compressive
strength and 24% in terms of tensile strength in bending.

The microstructural features of the composition of the type-4A geopolymer composite
showed the presence of particular areas of a dense monolithic structure with an incomplete
dissolution of the aluminosilicate component followed by forming an aluminosilicate gel
and high adhesion zones between the newly formed phases and unreacted particles of the
aluminosilicate component in the structure of the binder matrix.

It was also noted that the temperature of heat treatment has a positive effect on the
kinetics of strength gain in the studied compositions. The optimal temperature range of
heat treatment of geopolymer concrete samples with a duration of 24 h was determined,
which contributes to the acquisition of the highest compressive strength at the age of
28 days (up to 130%).

This gives us a cost-effective material at a substantially reduced production cost.
According to preliminary estimates of interested industrial partners, economic efficiency
will be up to 25% in terms of the cost of the finished product.

It is advisable to consider the prospects for further research in the direction of expand-
ing the range of building composites for both general and special purposes based on the
geopolymer binder.
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